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ABSTRACT
T h is  t h e s i s  d e s c r i b e s  t h e  d e s ig n  and deve lopm en t o f  a f re q u e n c y  
d o u b le d ,  c o n t in u o u s  wave dye l a s e r  and i t s  a p p l i c a t i o n  t o  a s tu d y  o f  
th e  h ig h  Rydberg s t a t e s  o f  R ubidium .
The l a s e r  u s e s  t h e  dye  rhodam ine  6 G as  t h e  a c t i v e  medium and i s  
o p t i c a l l y  pumped w i th  an  a rg o n  io n  l a s e r .  F requency  d o u b l in g  i s  by an  
ADA (ammonium d ih y d ro g e n  a r s e n a t e )  o r  ADP (ammonium d ih y d ro g e n  p h o s p h a te )  
c r y s t a l  l o c a t e d  w i t h i n  t h e  l a s e r  c a v i t y .  C o n t in u o u s  o ü tp u t  powers i n  t h e
u l t r a - v i o l e t  i n  e x c e s s  o f  30 mW and tu n a b le  o v e r  t h e  w a v e le n g th  r a n g e
285-315 nm h av e  b een  p ro d u c e d .  The l i n e w i d t h  can  b e  chosen  t o  be  0 .0 2  nm
bro ad b an d  sys tem ) o r  0 .0 0 2  nm (narrow band sys tem ) d e p e n d in g  on t h e
f re q u e n c y  s e l e c t i n g  e le m e n ts  u s e d .
In  o r d e r  t o  keep  i n s e r t i o n  l o s s e s  sm a l l  t h e  c r y s t a l s  have  o p t i c a l  '^i
f a c e s  c u t  a t  B r e w s te r ’ s a n g l e ,  and i n  o r d e r  t o  i n c r e a s e  g e n e r a t i o n
e f f i c i e n c y  th e  i n t r a c a v i t y  r a d i a t i o n  f i e l d  i s  fo c u s e d  i n t o  t h e  c r y s t a l .
Such an a r ra n g e m e n t  i n t r o d u c e s  t h e  a b e r r a t i o n s  o f  coma and a s t i g m a t i s m  which,Ï
m ust be  com pensated  by s u i t a b l e  c a v i t y  d e s ig n .  A v a r i e t y  o f  c a v i t y  and
c r y s t a l  c o n f i g u r a t i o n s  h av e  b e e n  a n a ly s e d  f o r  a b e r r a t i o n s ,  an d  a n o v e l  0
•  « ^a rra n g e m e n t  f o r  t h e  s im u l ta n e o u s  e l i m i n a t i o n  o f  coma and a s t i g m a t i s m  %
d e v e lo p e d .  . |
I
S e v e ra l  p r a c t i c a l  f r e q u e n c y  do u b led  dye l a s e r s  have  been  i n v e s t i g a t e d .
In  p a r t i c u l a r  t h e  p e rfo rm a n c e s  o f  ADA and ADP a s  t h e  f re q u e n c y  d o u b l in g  
c r y s t a l s  a r e  compared and c o n t r a s t e d .  ADA has  t h e  a d v a n ta g e  t h a t  i t  can  
be  n o n - c r i t i c a l l y  p h a se  m atched a t  t h e s e  w a v e le n g th s  and t h i s  r e s u l t s  i n  
a  h i g h e r  g e n e r a t i o n  e f f i c i e n c y  and a b e t t e r  UV beam q u a l i t y  t h a n  
e n c o u n te re d  w i t h  ADP. However, s i n c e  i t  can  o n ly  be  t e m p e r a tu r e  t u n e d ,  
t h e  t u n in g  r a n g e  (292-302  nm f o r  t e m p e r a tu r e  r a n g e  20 -80^0) i s  more 
l i m i t e d  th a n  t h a t  f o r  ADP (285-315 nm) w hich  c an  a l s o  be  a n g le d  tu n e d .
For  b o th  ty p e s  o f  c r y s t a l ,  th e rm a l  p h a se  m ism atch in g  >is i d e n t i f i e d  
as  t h e  p r o c e s s  l i m i t i n g  g e n e r a t i o n  e f f i c i e n c y .  E v id en ce  i s  a l s o  
p r e s e n t e d  t h a t  th e r m a l  f o c u s i n g  u l t i m a t e l y  l i m i t s  t h e  UV o u tp u t  power 
by u p s e t t i n g  c a v i t y  s t a b i l i t y .
A com puter  model o f  i n t r a c a v i t y  f re q u e n c y  d o u b l in g  has  b e e n  
d e v e lo p e d .  Therm al p h a s e  m ism a tc h in g  e f f e c t s  i n  t h e  c r y s t a l  a s  w e l l  
as e x c i t e d  s t a t e  a b s o r p t i o n  i n  t h e  dye a r e  i n c l u d e d .  T h is  model i s  
u se d  to  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  c a v i t y  l o s s e s  and c r y s t a l  a b s o r p t i o n
on g e n e r a t i o n  e f f i c i e n c y .  O p t im iz a t io n  o f  c o n v e r s io n  e f f i c i e n c y  
by c o r r e c t  c h o ic e  o f  c r y s t a l  p a ra m e te r s  i s  c o n s id e r e d .
Two sys tem s  have b een  dev e lo p ed  to  a l lo w  c o n t in u o u s  sc a n n in g  o v e r  
an  e x te n d e d  f re q u e n c y  r a n g e .  One a l lo w s  th e  b roadband  l a s e r  (0 .0 2  nm) 
to  b e  c o n t in u o u s ly  tu n e d  o v e r  3 nm, th e  o t h e r  a l lo w s  t h e  narrow band
l a s e r  (0 ,0 0 2  nm) to  be c o n t in u o u s ly  tu n ed  o v e r  2 nm. The o p e r a t i o n  of
a s i n g l e  f r e q u e n c y  v e r s i o n  o f  th e  l a s e r  and i t s  s t a b i l i z a t i o n  on an 
e x t e r n a l  r e f e r e n c e  c a v i t y  i s  a l s o  d e s c r i b e d .
The e x c i t a t i o n  o f  h i g h  Rydberg s t a t e s  i n  Rubidium  u s in g  t h e  
f re q u e n c y  d o u b led  l a s e r  i s  d e s c r i b e d .  The s t a t e s  a r e  d e t e c t e d  by a 
s p a c e - c h a r g e  l i m i t e d  i o n i z a t i o n  d e t e c t o r .  The p r i n c i p a l  s e r i e s  o f  Rb 
up to  a  p r i n c i p a l  quantum number o f  n = 74 has  b e e n  d e t e c t e d .  A n o v e l
t r i o d e  a r ra n g e m e n t  o f  e l e c t r o d e s  i n  t h e  sp a c e  c h a rg e  d e t e c t o r  h a s
e n a b le d  a s m a l l  e l e c t r i c  f i e l d  t o  be a p p l i e d  t o  th e  r u b id iu m  v a p o u r .  
The c o n se q u e n t  S t a r k  m ix ing  o f  n^S , n^P and n^S s t a t e s  has  a l lo w e d  th e  
n^S and n^D s t a t e s  t o  be  e x c i t e d  from  t h e  5^3 ground s t a t e .  New terra  
v a lu e s  o f  t h e  n^S and ‘n^D s e r i e s  a r e  r e p o r t e d .
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CHAPTER I  
INTRODUCTION
A b s t r a c t
The p r o d u c t io n  o f  t u n a b le  u l t r a v i o l e t  l a s e r  l i g h t  by 
i n t r a c a v i t y  f re q u e n c y  d o u b l in g  i s  c o n s id e r e d .  The 
c o n t in u o u s  wave f re q u e n c y  d o u b led  dye l a s e r  whose d e v e lo p ­
ment i s  d e s c r i b e d  i n  t h i s  work i s  compared w i th  some 
p u l s e d  f re q u e n c y  do u b led  dye l a s e r s .  Some u s e s  o f  
c o n t in u o u s  wave u l t r a v i o l e t  l a s e r  r a d i a t i o n  i n  t r a c e  
e le m en t  a n a l y s i s ,  p o l l u t i o n  m o n i to r in g ,  l a s e r  p h o to ­
c h e m is t ry  and h ig h  r e s o l u t i o n  l a s e r  s p e c t r o s c o p y  a re  
d e s c r i b e d .  E a r ly  a p p ro a c h e s  to  i n t r a c a v i t y  ha rm on ic  I
g e n e r a t i o n  a r e  o u t l i n e d  and p r e v io u s  work on f re q u e n c y  
d o u b l in g  o f  c o n t in u o u s  wave dye l a s e r  l i g h t  i s  re v ie w e d ,
A summary o f  th e  c o n te n t s  o f  th e  t h e s i s  a r e  o u t l i n e d  a t  




Ever s in c e  th e  d i s c o v e r y  o f  t h e  l a s e r  i n  th e  e a r l y  1960 ’ s two ft
p r e v a i l i n g  aims o f  l a s e r  p h y s i c i s t s  have  been to  p ro d u ce  l a s e r s  w hich ^
'Io p e r a t e  a t  s h o r t  w a v e le n g th s  and w hich can be tu n e d  o v e r  e x ten d ed 5
w a v e le n g th  r a n g e s .  I n t e n s i v e  work i n  r e c e n t  y e a r s  h a s  l e d  on th e jone hand to  th e  deve lopm en t o f  a  v a r i e t y  o f  u l t r a v i o l e t  l a s e r s  o f  ^
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f i x e d  w a v e len g th  and on th e  o t h e r  hand  to  l a s e r s  w hich  a r e  t u n a b l e  ;|
th ro u g h o u t  th e  v i s i b l e  and i n f r a r e d  r e g io n s  o f  th e  s p e c t ru m . The 
r e a l i z a t i o n  o f  b o th  aims i n  t h e  deve lopm en t o f  a  t u n a b l e  u l t r a v i o l e t
I
l a s e r  s o u rc e  i s  s t i l l  a w a i t e d .  Dye l a s e r s  have been  p a r t i c u l a r l y  j
s u c c e s s f u l  i n  p ro d u c in g  t u n a b l e  v i s i b l e  and i n f r a r e d  r a d i a t i o n .
However th e  e x t e n s i o n  o f  t h i s  a p p ro a c h  i n t o  th e  u l t r a v i o l e t  i s il i m i t e d  b e c a u s e  p h o to c h e m ic a l  d e c o m p o s i t io n  com petes w i t h  r a d i a t i v e  
d e a c t i v a t i o n  o f  t h e  m o le c u le  s i n c e ,  i n  th e  u l t r a v i o l e t ,  t h e  en e rg y  
o f  th e  ab so rb ed  quantum  i s  h i g h e r  th a n  any bond i n  t h e  m o le c u le .
Over t h e  p a s t  few y e a r s  th e  most p ro m is in g  deve lopm en t h a s  been  
d i s c h a r g e  pumped e x c im er  and e x i p l e x  l a s e r s .  However, a  c o n t in u o u s  
wave exc im er  l a s e r  w hich  i s  r e a d i l y  t u n a b l e  and s u i t a b l e  a s  a g e n e r a l  
l a b o r a t o r y  t o o l  h a s  y e t  t o  be p roved  f e a s i b l e .
At p r e s e n t  th e  o n ly  s a t i s f a c t o r y  method o f  p ro d u c in g  t u n a b l e  UV 
c o h e re n t  r a d i a t i o n  i s  by f r e q u e n c y  d o u b l in g  th e  r a d i a t i o n  from  a t u n a b le  
dye l a s e r .  The dye l a s e r  u sed  can  e i t h e r  be p u l s e d  o r  c o n t i n u o u s .  The 
co m m e rc ia l ly  a v a i l a b l e  sy s tem s  a r e  a t  p r e s e n t  a l l  b a s e d  on p u l s e d  l a s e r s .  
U s u a l ly  t h e  dye i s  pumped by a p u l s e d  n i t r o g e n  l a s e r ,  b u t  d i r e c t  pumping 
can  a l s o  be done u s in g  a f l a s h l a m p .  The f r e q u e n c y  d o u b l in g  i s  p e rfo rm ed  
u s in g  a n o n l i n e a r  c r y s t a l  e i t h e r  i n s i d e  o r  o u t s i d e  t h e  dye  l a s e r  c a v i t y .
P u ls e d  f r e q u e n c y  d o u b led  dye  l a s e r s  have  y e t  t o  r e a c h  t h e i r  f u l l  p o t e n t i a l
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i n  l a s e r  s p e c t r o s c o p y  a l t h o u g h  th e y  a r e  b e g in n in g  to  be used  more
Iw id e ly .
In  t h i s  t h e s i s  t h e  p r o d u c t i o n  o f  c o n tin u o u s -w a v e  (CW) tu n a b l e  UV 
r a d i a t i o n  by f re q u e n c y  d o u b l in g  a CW dye l a s e r  u s in g  an i n t r a c a v i t y  
c r y s t a l  i s  c o n s i d e r e d .  The o u t p u t  powers from  CW dye l a s e r s  a r e  much 
low er th a n  t h o s e  from  p u l s e d  l a s e r s ,  and i n  v iew  o f  t h e  q u a d r a t i c  
dependence  o f  second  ha rm o n ic  power on fu n d am e n ta l  power i t  i s  e s s e n t i a l  
t o  p l a c e  th e  ha rm o n ic  g e n e r a t o r  i n  t h e  l a s e r  c a v i t y  w here  t h e r e  i s  a 
h ig h  c i r c u l a t i n g  f i e l d .  However, b e c a u se  th e  power d e v e lo p e d  i n  th e  
l a s e r  c a v i t y  i s  v e ry  s e n s i t i v e  t o  l o s s e s  c a r e  must be  t a k e n  to  
m in im ize  t h e s e  l o s s e s .  F requency  d o u b l in g  a CW dye l a s e r  i s  more .r_ 
d i f f i c u l t  th a n  th e  p u l s e d  l a s e r  a p p ro a c h  and so some j u s t i f i c a t i o n  f o r  
t h i s  method i s  r e q u i r e d .  In  o r d e r  t o  d e v e lo p  t h i s  p o i n t  some t y p i c a l  
d a t a  on com m ercial p u l s e d  f re q u e n c y  doub led  dye  l a s e r s  a r e  f i r s t  
c o n s id e r e d  and th e n  c o n t r a s t e d  w i t h  th e  p r e s e n t  f i n d i n g s  on CW f re q u e n c y  
doub led  dye l a s e r s .
The d a t a  on p u ls e d  dye  l a s e r s  a r e  p r e s e n te d  i n  t a b l e  1 .  One o f  t h e  
l a s e r s  i s  f la s h la m p  pumped w i th  a p u l s e  d u r a t i o n  i n  t h e  r e g i o n  o f  1 y s e c  
(C hrom atix  CMX-4) and t h e  o t h e r  i s  a n i t r o g e n  pumped l a s e r  w i th  a p u l s e  
d u r a t i o n  o f  5 n s e c  (M o lec tro n  DL 2 0 0 ) ,  The p u l s e  d u r a t i o n  o f  th e  
n i t r o g e n  pumped l a s e r  i s  so s h o r t  t h a t  l i t t l e  a d v a n ta g e  i s  g a in e d  by 
i n s e r t i n g  t h e  c r y s t a l  i n t o  th e  c a v i t y  w hereas  t h e  f la s h la m p  pumped l a s e r  
i s  q u a s i - c o n t i n u o u s  and t h e  c o n v e r s io n  i s  more e f f i c i e n t  i f  t h e  d o u b l in g  
c r y s t a l  i s  i n s i d e  th e  c a v i t y .  The f la s h la m p  pumped sy s tem  h as  th e  
g r e a t e r  a v e ra g e  pow er ,  t h i s  b e in g  abou t  10 mW a t  a  r e p e t i t i o n  r a t e  o f  
30 p p s , The peak  power o f  t h e  n i t r o g e n  pumped dye l a s e r  i s  be tw een  
1 kW and 10 kW i n  th e  UV b u t  a v e ra g e  powers a r e  very , low due to  th e  s h o r t  
p u l s e  d u r a t i o n .  The l i n e w i d t h  o f  b o th  l a s e r s  can be made as  sm a l l  a s
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0 ,0 0 2  nm by f re q u e n c y  n a r ro w in g  b u t  i s  u s u a l l y  i n  t h e  r e g i o n  o f  0 ,0 2  nm. 4
As w i l l  be  shown l a t e r  we have  d e v e lo p e d  a c o n t in u o u s  wave 
f re q u e n c y  d oub led  dye l a s e r  w hich  i s  c a p a b le  o f  p ro d u c in g  c o n t in u o u s  f
UV powers i n  e x c e s s  o f  30 mW and i s  t u n a b le  o v e r  t h e  r a n g e  285 nm to  315 nm &}
The b roadband  l a s e r  l i n e w i d t h  i s  i n  th e  r e g i o n  o f  0 ,0 2  nm b u t  can  be  
r e a d i l y  narrow ed  to  0 .0 0 2  nm by th e  i n c l u s i o n  o f  a s i n g l e  é t a l o n  i n  t h e
c a v i t y .  A second é t a l o n  i s  c a p a b le  o f  r e d u c in g  l a s e r  o s c i l l a t i o n  t o  a
s i n g l e  c a v i t y  mode w i t h  a l i n e w i d t h  i n  t h e  r e g i o n  o f  10 MHz.
The m ain  a d v a n ta g e  o f  a  c o n t in u o u s  wave l a s e r  o v e r  a  p u l s e d  l a s e r  
i s  now a p p a r e n t  i n  t h a t  t h e  l i n e w i d t h  o f  a  c o n t in u o u s  l a s e r  can  be  made 
v e ry  s m a l l .  The l i n e w i d t h  o f  a p u l s e d  l a s e r  i s  l i m i t e d  to  a p p ro x im a te ly  
th e  i n v e r s e  o f  i t s  p u l s e  d u r a t i o n ;  t h i s  i s  abou t 100 MHz f o r  a 5 n se c  
n i t r o g e n  pumped dye l a s e r .  The r e s o l u t i o n  o f  a c o n t in u o u s  l a s e r  i s  
u s u a l l y  l i m i t e d  o n ly  by th e  c a v i t y  s t a b i l i t y ,  Dye l a s e r s  w i th  long  
tim e a v e ra g e d  l i n e w i d t h s  o f  l e s s  t h a n  300 Hz have  been  d e v e lo p e d  and a r e  
d e s c r ib e d  i n  C h a p te r  V I I .  The f re q u e n c y  s t a b i l i t y  o f  a f r e e  r u n n in g  CW 
dye l a s e r  a t  10 MHz i s  s t i l l  an o r d e r  o f  m ag n i tu d e  b e t t e r  th a n  t h a t  o f  
a  t y p i c a l  p u l s e d  sy s te m ,
A second  im p o r ta n t  a d v a n ta g e  o f  c o n t in u o u s  wave l a s e r s  i s  t h e i r  
h ig h  a v e ra g e  pow er. T h is  i s  p a r t i c u l a r l y  im p o r ta n t  i f  t h e i r  r a d i a t i o n  
i s  used  to  s tu d y  p r o c e s s e s  w hich  a r e  l i n e a r  in  pump pow er, such  as  most 
p h o to c h e m ic a l  r e a c t i o n s .  The f r e q u e n c y  and i n t e n s i t y  s t a b i l i t y  o f  
c o n t in u o u s  wave l a s e r s  means t h a t  i f  s i g n a l s  a r e  s m a l l , v e r y  long  
i n t e g r a t i o n  t im es  can  be  u se d  i n  s i g n a l  r e c o v e r y  e q u ip m e n t .  T h is  has  
im p o r ta n c e  i n  a p p l i c a t i o n s  such  as  Raman and B r i l l o u i n  s c a t t e r i n g  and 
two p h o to n  a b s o r p t i o n .
In  t h e  f o l l o w in g  s e c t i o n  some o f  th e  im p o r ta n t  u s e s  o f  t u n a b l e  UV
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r a d i a t i o n  a r e  d e s c r i b e d  and th e  a d v a n ta g e s  o f  c o n t in u o u s  wave UV o v e r  
p u ls e d  UV i s  e n l a r g e d .  Work by o t h e r  i n v e s t i g a t o r s  on th e  f re q u e n c y  
d o u b l in g  o f  dye l a s e r s  i s  th e n  re v ie w e d ,  and t h i s  i s  f o l lo w e d  by a 
d i s c u s s i o n  o f  t h e  ap p ro a c h  ad o p te d  i n  t h e  p r e s e n t  w ork ,
1 .2  Some Uses o f  T u n ab le  UV R a d i a t i o n
In  t h i s  s e c t i o n  t h e  im p o r ta n c e  o f  a tu n a b le  UV s o u rc e  o p e r a t i n g  i n  
th e  300 nm r e g i o n  o f  t h e  sp e c t ru m  w i l l  be d e m o n s t r a te d .  Some o f  t h e  t o p i c s  
d i s c u s s e d  a r e  l a s e r - b a s e d  t r a c e  e le m e n t  a n a l y s i s ,  p o l l u t i o n  m o n i to r in g ,  
l a s e r  p h o to c h e m is t r y ,  s t u d i e s  o f  Rydberg atoms and h ig h  r e s o l u t i o n  l a s e r  
s p e c t r o s c o p y .
U l t r a v i o l e t  a to m ic  a b s o r p t i o n  s p e c t r o s c o p y  i s  a w id e ly  used  method 
o f  d e t e c t i n g  sm a l l  q u a n t i t i e s  o f  t h e  e le m e n ts .  T y p i c a l l y ,  a l i q u i d  sam ple 
i s  a s p i r a t e d  i n t o  an  a i r - a c e t y l e n e  o r  n i t r o u s  o x i d e - a c e t y l e n e  f lam e  where 
an a to m ic  v a p o u r  o f  t h e  e le m e n t  i s  fo rm ed . The e le m e n ts  a r e  th e n  
i d e n t i f i e d  by t h e i r  c h a r a c t e r i s t i c  a b s o r p t i o n s .  I n  o r d e r  t h a t  t h e  e le m en t  
a b s o rb s  r a d i a t i o n , t h e  r a d i a t i o n  m ust be tu n ed  to  t h e  w a v e le n g th  o f  a 
t r a n s i t i o n  w hich  i s  r a d i a t i v e l y  c o n n e c te d  t o  th e  g round  s t a t e .  Such l i n e s  
a r e  known as  r e s o n a n c e s  o r  r e s o n a n c e  l i n e s .  The r e s o n a n c e  l i n e s  o f  most 
e le m en ts  l i e  i n  t h e  r e g i o n  o f  350 nm to  200 nm making t h i s  t h e  most 
im p o r ta n t  s p e c t r a l  r e g i o n  f o r  s t a n d a r d  a to m ic  a b s o r p t i o n .
The d r a m a t ic  i n c r e a s e  i n  s e n s i t i v i t y  o f  a to m ic  a b s o r p t i o n  s p e c t r o s c o p y  
when l a s e r  s o u rc e s  a r e  used  h as  been  p r e d i c t e d  by s e v e r a l  a u th o r s ^  ^ and 
G elbwachs, K le in  and W essel^  have  r e c e n t l y  r e p o r t e d  th e  d e t e c t i o n  o f  Na 
a t  an  a tom ic  c o n c e n t r a t i o n  o f  l e s s  t h a n  1 p a r t  i n  1 0 ^ ^ ,  T h is  com pares w i th  
a s e n s i t i v i t y  o f  a b o u t  1 p a r t  i n  10® w hich c an  be a c h ie v e d ,  under  
f a v o u r a b le  c i r c u m s t a n c e s ,  u s in g  s t a n d a r d  a tom ic  a b s o r p t i o n  t e c h n i q u e s ^ .
A l i s t  o f  e le m e n ts  a c c e s s i b l e  to  a f re q u e n c y  d o u b le d  Rhodamine 6 G dye
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l a s e r  i s  shown i n  a p p e n d ix  D . Throughou t t h e  s p e c t r a l  r e g i o n  from  285 nm . |
t o  315 nm some 34 e le m e n ts  a r e  a c c e s s i b l e  to  t h i s  l a s e r .  The s t r e n g t h s  o f  |
It h e  l i n e s  a r e  a l s o  shown on th e  t a b l e  i n d i c a t i n g  t h o s e  t r a n s i t i o n s  w hich J
would be s u i t a b l e  f o r  a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e t r y .
R a d ia t i o n  i n  t h e  r e g i o n  o f  300 nm has  a l s o  assumed im p o r ta n c e  i n
r e c e n t  y e a r s  b e c a u s e  o f  i t s  i n f l u e n c e  on c h e m ica l  r e a c t i o n s  i n  t h e  u p p e r
a tm o sp h e re  ( se e  f o r  example T h ru sh  ) .  The e f f e c t  o f  p o l l u t i o n  o f  t h e
s t r a t o s p h e r e  on th e  ozone l a y e r  w i l l  o n ly  be u n d e r s to o d  when d e t a i l e d
c h e m ica l  r e a c t i o n s  have  been  s tu d i e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s .  The
im p o r ta n c e  o f  t u n a b le  u l t r a v i o l e t  l a s e r s  i n  u n d e r s t a n d in g  t h e s e  r e a c t i o n s
8 9has  been  r e c e n t l y  rev ie w e d  by P i t t s  and F i n a l y s o n - P i t t s  and by J o h n s to n  .
Of i n t e r e s t  i n  a tm o s p h e r ic  s t u d i e s  i s  t h e  p h o to c h e m is t ry  
and p h o t o k i n e t i c s  o f  fo rm a ld e h y d e .  Form aldehyde can  be  p r e s e n t  i n  t h e  
a tm o sp h e re  e i t h e r  a s  a  p r im a ry  p o l l u t a n t ,  f o r  example e m i t t e d  by c a r  i
e x h a u s t s ,  o r  as  a  s e c o n d a ry  p o l l u t a n t  i n  o z o n e - o l e f i n  r e a c t i o n s ^ .  .
B ra d le y  M oore^^’ ^^ and h i s  c o -w o rk e rs  have  b e e n  c o n d u c t in g  p h o to ­
ch em ica l  s t u d i e s  on fo rm a ld e h y d e  f o r  a number o f  y e a r s  and th e  a d v e n t  o f  
p u l s e d  second  ha rm on ic  dye l a s e r s  h a s  h e lp e d  to  r e v e a l  a  c o n s i d e r a b l e  
amount o f  d e t a i l e d  i n f o r m a t io n  o f  t h e  p r im a ry  p h o to c h e m is t ry  o f  t h i s  
m o le c u le .  An im p o r ta n t  u s e  o f  t h e  n a rro w  l i n e w i d t h  o f  a l a s e r  s o u rc e  has  
been  to  p e rfo rm  i s o t o p e  s e p a r a t i o n  i n  fo rm a ld e h y d e ^ ^ .  By tu n in g  th e  
l a s e r  to  t h e  r e l e v a n t  t r a n s i t i o n ,  an  i s o t o p e  s e l e c t i v e  p h o t o - p r e d i s s o c i a t i o n :  
can  be in d u ced  i n  fo rm a ld e h y d e .  B ra d le y  M oore’ s group  have  a l r e a d y  re p o r te d ^  
th e  s e p a r a t i o n  o f  c a rb o n  12 and 13 i s o t o p e s  w i th  e n r ic h m e n t  f a c t o r s  o f
th e  o r d e r  o f  80 and a l s o  t h e  s e p a r a t i o n  o f  d e u te r iu m  from  hydrogen  u s in g
12a f re q u e n c y  d o u b led  dye l a s e r  a t  a  w a v e le n g th  o f  a b o u t  300 nm . The
a v e ra g e  UV l a s e r  power was i n  t h e  r e g i o n  o f  0 .3  mW w i t h  a l i n e w i d t h  o f
0 .1  cm“ ^ . The s e p a r a t i o n  f a c t o r s  w ere  l i m i t e d  by j i t t e r  on t h e  l a s e r  s
1 . 6
f r e q u e n c y  and by i n t e n s i t y  f l u c t u a t i o n s .  The h i g h e r  a v e ra g e  power o f
a CW l a s e r  and more s t a b l e  f re q u e n c y  make i t  an  a t t r a c t i v e  p o s s i b i l i t y
to  u se  t h i s  l a s e r  f o r  i s o t o p e  s e p a r a t i o n .  I t  may th e n  be  p o s s i b l e  to
s e p a r a t e  o r  e n r i c h  sam ples  i n  ^^0 and ^®0. The i s o t o p e  s e p a r a t i o n
o f  h yd rogen  and d e u te r iu m  may have  im p o r ta n t  economic c o n seq u en ces  f o r
t h e  p r o d u c t i o n  o f  heavy  w a te r  f i s s i o n  r e a c t o r  o r  d e u t e r i u m - t r i t i u m  f u s i o n
r e a c t o r s .  A com m ercial p l a n t  f o r  t h e  p r o d u c t i o n  o f  d e u te r iu m  by UV
13p r e d i s s o c i a t i o n  o f  fo rm a ld eh y d e  h a s  been  p ro p o sed  by V a n d e r led en  i n  
c o n n e c t io n  w i th  t h e  C a n a d ian  a to m ic  r e a c t o r  programme.
A n o th e r  ch e m ica l  p o l l u t a n t  w hich  i s  o f  a tm o s p h e r ic  im p o r ta n c e  i s  
s u lp h u r  d i o x i d e .  T h is  c h e m ica l  i s  p roduced  by o i l  f i r e d  and c o a l  f i r e d  
power s t a t i o n s  and pumped h ig h  i n t o  th e  a tm o sp h e re  by g i a n t  smoke s t a c k s .  
When th e  s u lp h u r  d io x id e  combines w i th  w a te r  i t  fo rm s s u l p h u r i c  a c id  and 
can  be  v e ry  damaging to  p e o p le ,  b u i l d i n g s  and v e g e t a t i o n .  T h is  has  
s t i m u l a t e d  th e  d e ve lopm en t o f  a  v a r i e t y  o f  l a s e r  m ethods f o r  r e m o te ly  
m o n i to r in g  t h e  p r e s e n c e  o f  The s t r o n g  a b s o r p t i o n  o f  SO2 a t  a round
300 nm means t h a t  p u l s e d  f r e q u e n c y  d o u b led  dye l a s e r s  a r e  w id e ly  u se d  to  
m o n i to r  i t s  p r e s e n c e ^ ^ .  A c o n t in u o u s  wave l a s e r  would a l lo w  much low er 
c o n c e n t r a t i o n s  t o  be  m o n i to re d .
T unab le  UV l a s e r  r a d i a t i o n  a l s o  h a s  a p p l i c a t i o n  i n  sp o n ta n e o u s  
Raman and B r i l l o u i n  s t u d i e s  w h e re ,  b e c a u s e  o f  t h e  X"!* dependence  o f  th e  
c r o s s - s e c t i o n  on t h e  e x c i t a t i o n  w a v e le n g th ,  t h e  s e n s i t i v i t y  sh o u ld  be 
i n c r e a s e d  by a f a c t o r  o f  a b o u t  16 o v e r  a  l a s e r  w ork in g  i n  th e  v i s i b l e  and 
a t  t h e  same power. The lo n g  i n t e g r a t i o n  t im e s  made p o s s i b l e  by a 
c o n t in u o u s  wave s o u rc e  s h o u ld  open  t h e  f i e l d  o f  r e s o n a n t  Raman s c a t t e r i n g  
to  t h e  UV s p e c t r a l  r e g i o n .
T unab le  UV l a s e r s  a r e  o f  im p o r ta n c e  i n  h ig h  r e s o l u t i o n  s p e c t r o s c o p y  
s i n c e  th e y  e x te n d  l a s e r  s p e c t r o s c o p y  t e c h n iq u e s  t o  a new s p e c t r a l  r e g i o n .
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Such m ethods as  D o p p l e r - f r e e  s a t u r a t e d  a b s o r p t io n ^ ^  and D o p p l e r - f r e e  two 
17p h o to n  a b s o r p t i o n  s h o u ld  be  am enable  t o  a t u n a b l e  UV l a s e r .
Some im p o r ta n t  a r e a s  o f  a to m ic  p h y s ic s  where t u n a b le  UV l a s e r  
r a d i a t i o n  may be u s e f u l l y  a p p l i e d  i s  i n  t h e  s tu d y  o f  h ig h  ly in g  a to m ic  
s t a t e s  (Rydberg s t a t e s ) ,  t h e  s e a r c h  f o r  p a r i t y  n o n - c o n s e r v a t io n  e f f e c t s
18 19 20i n  atom s and i n  th e  deve lopm en t o f  a UV f r e q u e n c y  s t a n d a r d  ’
A c o n s i d e r a b l e  amount o f  i n t e r e s t  has  a r i s e n  i n  r e c e n t  y e a r s  o v e r  
t h e  a b i l i t y  o f  dye l a s e r s  t o  e x c i t e  v e ry  h ig h  a to m ic  s t a t e s .  Atoms have  
been  s e l e c t i v e l y  e x c i t e d  t o  s t a t e s  w i th  p r i n c i p a l  quantum numbers n ^ 70.
S in c e  th e  r a d i u s  o f  a Bohr o r b i t  i n c r e a s e s  as  n^ v e r y  l a r g e  g e o m e t r i c a l  
c r o s s - s e c t i o n s  can  be  e x p e c te d  f o r  t h e s e  s t a t e s .  G ig a n t i c  p o l a r i z a b i l i t i e s  4
and c o n se q u e n t  S t a r k  s h i f t s  have  a l s o  been  r e p o r t e d  f o r  Rydberg a to m s ,  i
Most o f  t h e  work on Rydberg atoms h as  been  done u s in g  two s t e p  e x c i t a t i o n ;  
th e  f i r s t  s t e p  from  t h e  g round  s t a t e  t o  a  s t a t e  o f  o p p o s i t e  p a r i t y  and ::
t h e  second  from t h i s  s t a t e  up to  t h e  s t a t e s  c l o s e  to  th e  con tinuum  h a v in g  
t h e  same p a r i t y  a s  th e  g round  s t a t e .  A t u n a b l e  l a s e r  i n  t h e  r e g i o n  o f  300 nm 
c an  be used  to  e x c i t e  n e a r l y  a l l  t h e  a l k a l i  m e ta l s  to  h ig h  l y i n g  s t a t e s .
S in ce  a UV l a s e r  in v o lv e s  d i r e c t  e x c i t a t i o n  from  t h e  g round  s t a t e , t r a n s i t i o n s  
o f  o p p o s i t e  p a r i t y  t o  t h e  g round  s t a t e  can  be s t u d i e d .  Some p r e l i m i n a r y  
work on th e  Rydberg s t a t e s  o f  r u b id iu m  u s in g  t h e  CW f re q u e n c y  d o u b led  dye « 
l a s e r  i s  r e p o r t e d  i n  C h a p te r  VI.
A nother  i n t e r e s t i n g  a p p l i c a t i o n  o f  a  t u n a b l e  UV l a s e r  i s  th e
. 18 . .p o s s i b i l i t y  o f  d e t e c t i n g  weak n e u t r a l  c u r r e n t s  i n  atoms . I f  i t  i s
assumed t h a t  t h e  i n t e r a c t i o n  o f  an  e l e c t r o n  w i th  th e  n u c le u s  i s  a f f e c t e d  
by weak n e u t r a l  c u r r e n t s  w hich  do n o t  c o n s e rv e  p a r i t y  t h e n  new e f f e c t s  
a r i s e  w hich  in v o lv e  m ix ing  a to m ic  s t a t e s  o f  even  and odd p a r i t y .  The 
consequence  o f  t h i s  i s  t h a t  r a d i a t i o n  e m i t t e d  from  c e r t a i n  s t a t e s  w i l l  
be  c i r c u l a r l y  p o l a r i z e d  and t h e  p l a n e  o f  p o l a r i z e d  l i g h t  i n c i d e n t  on an  s
1
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.18i s o t r o p i c  medium w i l l  be  r o t a t e d  . A t r a n s i t i o n  f o r  w hich  t h i s
i nr o t a t i o n  i s  p a r t i c u l a r l y  l a r g e  i s  t h e  -  7^P, t r a n s i t i o n  
2 2 21 .a to m ic  t h a l l i u m  w hich  o c c u rs  a t  a w a v e len g th  o f  292 .7  nm . T h is  %
w a v e len g th  i s  r e a d i l y  o b t a in e d  w i th  a f r e q u e n c y  doub led  Rhodamine 6G 
dye l a s e r .  P r e l i m i n a r y  e x p e r im e n ts  have  been  pe rfo rm ed  w i t h  a p u l s e d  
dye l a s e r ^ ^  b u t  t h e  e x p e c te d  r o t a t i o n  o f  3 x  10~® r a d  w i l l  p r o b a b ly  -4
o n ly  be d e t e c t a b l e  w i t h  a c o n t in u o u s  wave l a s e r .
F i n a l l y ,  and p e rh a p s  m ost i m p o r t a n t l y ,  a f r e q u e n c y  d o u b led  dye l a s e r
c o u ld  be used  i n  t h e  deve lopm en t o f  a  UV f re q u e n c y  s t a n d a r d  which i s
c o m parab le  o r  even  s u p e r i o r  t o  v i s i b l e  f r e q u e n c y  s t a n d a r d s .  The
hyd rogen  1S-2S two p h o to n  D o p p l e r - f r e e  a b s o r p t i o n  a t  2 4 3 ,0  nm h a s  b een
19p ro p o sed  as a v e ry  h ig h  r e s o l u t i o n  f r e q u e n c y  s t a n d a r d  i n  t h e  UV . The 
n a t u r a l  l i f e t i m e  o f  t h e  2S s t a t e  o f  hydrogen  i s  a b o u t  0 .1 5  s e c  w hich  
c o u ld  l e a d  t o  an  u l t i m a t e  l i n e w i d t h  o f  o n ly  IHz. I n  p r i n c i p a l , i t  s h o u ld  
be p o s s i b l e  to  a c h ie v e  a r e s o l u t i o n  o f  b e t t e r  t h a n  1 p a r t  i n  1 0 ^® and !
to  m easu re  t h e  l i n e  c e n t r e  to  a b o u t  1 p a r t  i n  10^^^^ . In  o r d e r  to  
o b t a i n  a r e s o l u t i o n  even r e m o te ly  a p p ro a c h in g  t h i s  a c o n t in u o u s  wave UV
l a s e r  s o u rc e  a t  2 4 3 .0  nm w i l l  be  n e c e s s a r y .  The m ost p r o b a b le  method g
j
o f  o b t a i n i n g  r a d i a t i o n  a t  t h i s  w a v e le n g th  w i th  s u f f i c i e n t l y  h ig h  r e s o l u t i o n  
i s  by f re q u e n c y  d o u b l in g  a dye l a s e r  o p e r a t i n g  a t  4 8 6 ,0  nm. E f f i c i e n t  
c o n t in u o u s  wave second  ha rm o n ic  g e n e r a t i o n  a t  t h i s  w a v e le n g th  w i l l  b e  f;
d i f f i c u l t  b u t  e f f o r t s  to w a rd s  a c h ie v in g  t h i s  end w i l l  be  handsom ely  4
rew arded  by new i n f o r m a t io n  on th e  h yd rogen  atom and t h e  p o s s i b i l i t y  ?
o f  a su p e rb  f r e q u e n c y  s t a n d a r d .  î
1 .3  I n t r a c a v i t y  F requency  D oub ling  o f  L a s e r  R a d i a t i o n
The enhancem ent o f  seco n d  ha rm on ic  g e n e r a t i o n  when th e  n o n l i n e a r  
second  ha rm on ic  g e n e r a t o r  i s  p l a c e d  i n s i d e  t h e  l a s e r  c a v i t y  was f i r s t  
o b se rv e d  i n  1963 by W righ t w ork ing  a t  th e  Royal S ig n a l s  R e s e a rc h  and
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22Development e s t a b l i s h m e n t  . He n o te d  t h a t  by p l a c i n g  an  8 mm p h a se  
m atched ADP c r y s t a l  i n t o  t h e  c a v i t y  o f  a neodymium doped c a lc iu m  
t u n g s t a t e  l a s e r  t h e  second  ha rm on ic  power g e n e r a te d  was more th a n  a 
f a c t o r  o f  20 g r e a t e r  t h a n  t h a t  g e n e r a te d  w i th  t h e  same l a s e r  b u t  w i th  
th e  c r y s t a l  o u t s i d e  th e  c a v i t y .
S in ce  t h a t  t i m e , i n t r a c a v i t y  second ha rm on ic  g e n e r a t i o n  has  become 
a w id e ly  used  method o f  p ro d u c in g  e i t h e r  v i s i b l e  r a d i a t i o n  from  an 
i n f r a r e d  l a s e r  o r  UV r a d i a t i o n  from  a v i s i b l e  l a s e r .  I n t r a c a v i t y  
harm on ic  g e n e r a t i o n  i s  p a r t i c u l a r l y  a d v a n ta g e o u s  f o r  c o n t in u o u s -w a v e  
l a s e r s  s in c e  t h e  low o u t p u t  power o f  t h e s e  l a s e r s  l e a d s  to  i n e f f i c i e n t  
harm on ic  g e n e r a t i o n  o u t s i d e  t h e  c a v i t y .  The c i r c u l a t i n g  power i n s i d e  
th e  l a s e r  c a v i t y  i s  much h i g h e r  t h a n  o u t s i d e  a n d , s i n c e  t h e  second  
ha rm on ic  power i s  p r o p o r t i o n a l  t o  t h e  fu n d am e n ta l  power s q u a re d  t h e r e  
i s  a  c o n s i d e r a b l e  a d v a n ta g e  i n  p u t t i n g  th e  c r y s t a l  i n s i d e  th e  c a v i t y .
The c r y s t a l  w i l l  i n t r o d u c e  two l o s s  m echan ism s, one o f  them i s  th e  
l i n e a r  l o s s  due to  r e f l e c t i o n ,  s c a t t e r i n g , e t c ,  and th e  o t h e r  i s  a  n o n l in e a r?  
l o s s  due to  t h e  c o n v e r s io n  o f  fu n d am e n ta l  r a d i a t i o n  i n t o  second  ha rm on ic  
r a d i a t i o n .  T h is  l o s s  depends  on th e  i n t r a c a v i t y  power w hich  i n  t u r n  
depends upon t h e  c a v i t y  l o s s e s .  I t  i s  w e l l  known t h a t  f o r  a  g iv e n  l a s e r  
t h e r e  i s  an optimum c o u p l in g  o f  r a d i a t i o n  o u t  o f  t h e  c a v i t y .  I f  th e  
c o u p l in g  i s  to o  b i g  t h e  c a v i t y  l o s s e s  w i l l  be  to o  h i g h  and th e  l a s e r
Ipower w i l l  f a l l .  I f  t h e  c o u p l in g  i s  to o  sm a l l  t h e  i n t r a c a v i t y  power 
may be h ig h  b u t  o n ly  a sm a l l  f r a c t i o n  w i l l  be  c o u p le d  o u t .  T h e re  w i l l  ^
t h e r e f o r e  be  some o u t p u t  c o u p l in g  which m axim ises  t h e  u s a b le  o u t p u t  -g
pow er. By s i m i l a r  a rgum en ts  t h e r e  i s  an  optimum n o n l in e a r  o u t p u t -
c o u p l in g  w hich  m axim ises  second  ha rm on ic  pow er. T h is  p rob lem  h a s  b een
23 . 24t r e a t e d  by P o l l o n i  and S v e l to  and by Sm ith  .
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The im p o r ta n t  p o i n t s  o f  S m ith ’s a n a l y s i s  a r e  t h a t  t h e  optimum n o n l i n e a r  
c o u p l in g  c o e f f i c i e n t  i s  in d e p e n d e n t  o f  pump power and t h a t  th e  maximum 
a v a i l a b l e  second  ha rm on ic  power i s  e q u a l  t o  t h e  maximum fu n d am e n ta l  power 
a v a i l a b l e  from  th e  l a s e r  f o r  th e  same v a lu e  o f  t o t a l  l i n e a r  l o s s .  I n  
C h a p te r  I I I  i t  w i l l  be  shown t h a t  a more r e a l i s t i c  t r e a tm e n t  o f  c r y s t a l  
a b s o r p t i o n  and dye s a t u r a t i o n  i s  r e q u i r e d  i f  t h e  t h e o r y  o f  i n t r a c a y i t y  
harm on ic  g e n e r a t i o n  i s  t o  be  a p p l i e d  t o  t h e  d e s ig n  o f  a p r a c t i c a l  second  
ha rm on ic  dye  l a s e r .
Some p o s s i b l e  i n t r a c a v i t y  ha rm on ic  g e n e r a t i o n  sys tem s  a r e  shown i n  
f i g u r e  1 ( a )  to  1 ( c ) ,  The a r ra n g e m e n t  shown i n  f i g u r e  1 (a )  i s  t h e  s im p l e s t  
form  o f  second  h a rm o n ic  c a v i t y .  The g a in  medium and second  ha rm on ic  
g e n e r a t o r  (SHG) a r e  b o th  p l a c e d  w i t h i n  t h e  c a v i t y .  Because  t h e r e  a r e  c o u n t e r -  
p r o p a g a t in g  beams i n  a  c a v i t y  t h e  second  harm on ic  w i l l  be  g e n e r a te d  i n  two 
d i r e c t i o n s .  In  t h i s  a r ra n g e m e n t  b o th  m i r r o r s  a r e  h i g h l y  r e f l e c t i n g  a t  t h e  
fu n d am e n ta l  w a v e le n g th  and th e  m i r r o r  on t h e  r i g h t  i s  made t r a n s m i t t i n g  a t  
t h e  second  h a rm o n ic .  Only one  h a l f  o f  t h e  second  ha rm o n ic  w i l l  be  u s e f u l l y  
c o u p le d  o u t  o f  t h e  c a v i t y  s i n c e  t h e  se co n d  beam t r a v e l l i n g  i n  t h e  o p p o s i t e  
d i r e c t i o n  w i l l  p r o b a b ly  be  a b so rb e d  by t h e  a c t i v e  medium o r ,  i f  .the medium 
i s  t r a n s p a r e n t ,  by  t h e  back  m i r r o r .
S e v e ra l  m ethods have  b e e n  p ro p o se d  to  e n a b le  t h e  second  ha rm on ic  power , Î
25 26 27 ^to  be  e x t r a c t e d  i n  b o th  d i r e c t i o n s  * * . An example o f  one su ch  I
:la t t e m p t  i s  i l l u s t r a t e d  i n  f i g u r e  1 (b ) .  T h is  c a v i t y  was p ro p o se d  by G o n za lez ,  ; |tj25 . . . . IfNiegh and S t e i e r  , I n  t h i s  c a v i t y ,  a p r i s m ,  w hich may have been  in c lu d e d  ll
If o r  th e  t u n in g  o f  t h e  l a s e r ,  i s  u se d  a s  t h e  second  ha rm on ic  o u t p u t  c o u p l e r .  î|
The ha rm o n ic  beam g e n e r a te d  i n  one d i r e c t i o n  i s  r e f l e c t e d  by a  maximum j
■'Ir e f l e c t o r  back  th ro u g h  t h e  second  ha rm on ic  g e n e r a t o r  and o u t  th ro u g h  t h e  
p r i s m .  The r e f l e c t o r  can  e i t h e r  be  a c o a te d  m i r r o r  w hich  i s  h i g h l y  ' I
r e f l e c t i n g  a t  th e  fu n d a m e n ta l  and  second  harm on ic  o r ,  i f  t h i s  s h o u ld  p ro v e  |
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to o  d i f f i c u l t  to  m a n u f a c tu r e ,  a c o r n e r  cube r e f l e c t o r .  The a d v a n ta g e
o f  t h e  l a t t e r  i s  i t s  e a s e  o f  a l i g n m e n t .
A d i f f i c u l t y  a s s o c i a t e d  w i t h  a l l  m ethods w hich  a t t e m p t  to  e x t r a c t  
b o th  ha rm on ic  beams i s  t h a t , i n  o r d e r  to  e n s u re  t h a t  th e  second harm on ic  
r a d i a t i o n  r e - e n t e r i n g  ibn  c r y s t a l  l e a d s  to  c o n s t r u c t i v e  and n o t  d e s t r u c t i v e  
i n t e r f e r e n c e , t h e  p h a s e  o f  t h e  incom ing  second  ha rm on ic  beam m ust be  
m atched to  t h e  p h a s e  o f  t h e  fu n d a m e n ta l  beam^^. The p h a se  s h i f t  be tw een  
fu n d a m e n ta l  and seco n d  ha rm on ic  due  to  t h e  d i s p e r s i o n  o f  a i r  and p h a se  |
s h i f t s  i n  t h e  r e f l e c t o r  m ust be  t a k e n  i n t o  a c c o u n t .  The r e s u l t  i s  t h a t  j
j
t h e  s p a c in g  be tw een  th e  o u tp u t  end o f  t h e  c r y s t a l  and th e  r e f l e c t o r  m ust 
be  c a r e f u l l y  c o n t r o l l e d .  S in c e  t h e  c r y s t a l  e f f e c t i v e l y  h as  i t s  l e n g t h  
doub led  a n d , s i n c e  t h e  second  ha rm on ic  power goes a s  t h e  s q u a re  o f  t h e  
l e n g t h , a n  i n c r e a s e  o f  up to  a  f a c t o r  o f  f o u r  c an  be e x p e c te d  i n  t h e  second  
harm on ic  o u tp u t  pow er. However, t h i s  i s  o f f s e t  by th e  i n c r e a s e d  c r i t i c a l i t y :  
o f  p h a se  m atch in g  and th e  s e n s i t i v i t y '  o f  t h e  hà rm on ic  g e n e r a t i o n  to  th e  
c r y s t a l - t o - r e f l e c t o r  s p a c in g .
In  t h e  a r ra n g e m e n t  shown i n  f i g u r e  1 (b )  t h e r e  a r e  c o n s i d e r a b l e  l o s s e s  
due to  t h e  F r e s n e l  r e f l e c t i o n s  o f  t h e  second ha rm o n ic  ( p o l a r i z e d  
p e r p e n d i c u l a r  to  t h e  fu n d a m e n ta l )  a t  t h e  p r is m  s u r f a c e s . A c o u p l in g  
s y s tem  w hich  a v o id s  t h e s e  l o s s e s  i s  t h a t  shown i n  f i g u r e  1 ( c ) .  T h is  
c o u p l in g  a r ra n g e m e n t  w hich  was p ro p o se d  by R o ss^ ^ ,  i s  b a se d  on  th e  u se  
o f  a  G la n -T a y lo r  (GT) p o l a r i z e r .  .The  second  ha rm on ic  i s  c o u p le d  o u t  
i n  one d i r e c t i o n  o n ly  by t h e  r e f l e c t o r  w hich  has  m axim ised  r e f l e c t i v i t y  
a t  th e  fu n d am e n ta l  and second  h a rm o n ic .  The second  ha rm on ic  w hich  i s  
p e r p e n d i c u l a r l y  p o l a r i z e d  to  t h e  fu n d am e n ta l  c an  th e n  be c o u p le d  o u t  o f  
th e  c a v i t y  w i th  v e r y  h ig h  e f f i c i e n c y .  The draw back  o f  t h i s  method i s  t h a t  
th e  p o l a r i z e r  p r e s e n t s  a f a i r l y  h ig h  l o s s  t o  t h e  fu n d a m e n ta l  w hich  makes t h e  
method a poor one  f o r  a  c o n t in u o u s -w a v e  l a s e r .
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A lthough  i t  h a s  b e e n  shown t h a t  up to  a f a c t o r  o f  f o u r  i n  second  
harm onic  power can  be g a in e d  by c o u p l in g  th e  ha rm on ic  i n  one d i r e c t i o n ,  
t h e  o p e r a t i o n a l  d i f f i c u l t i e s  a s s o c i a t e d  w i th  su ch  m ethods has  meant t h a t  
m ost p r a c t i c a l  second  ha rm on ic  l a s e r  sy s tem s have  u t i l i z e d  th e  s im p l e s t  
coupT in g  scheme 1 (a)  w here  th e  seco n d  harm onic  r a d i a t i o n  i s  e x t r a c t e d  i n  
one d i r e c t l o u .
1 .4  Review o f  Some P r a c t i c a l  I n t r a c a v i t y  D oub ling  Systems
One o f  t h e  f i r s t  r e p o r t s  o f  e f f i c i e n t  i n t r a c a v i t y  f r e q u e n c y  d o u b l in g
28was by Sm ith ,  Nassau and G a lv in  who were a b l e  to  f r e q u e n c y  d o u b le  t h e
1 .0 6  ym r a d i a t i o n  from  a CW neodymium doped YAG l a s e r  by p u t t i n g  a
l i t h i u m  n i o b a t e  c r y s t a l  i n t o  t h e  c a v i t y .  A c o n t in u o u s  o u tp u t  power o f  o n ly
300 yW was o b t a i n e d .  However, i t  was found  t h a t  by c h o pp ing  i n s i d e  th e
l a s e r  c a v i t y  a t  a f r e q u e n c y  o f  1 kHz th e  i n t r a c a v i t y  power r o s e  by a
f a c t o r  o f  10^ and t h e  second  ha rm on ic  power by 10^ . They were t h e r e f o r e
a b le  t o  o b t a i n  second  ha rm on ic  powers i n  t h e  r e g i o n  o f  IW w hich  was
com parab le  to  th e  o u t p u t  power from  t h e  o p t i m a l l y  c o u p le d  CW neodymium
doped YAG l a s e r  w i th o u t  t h e  d o u b le r  i n  th e  c a v i t y ,  The f a l l  i n  power
f o r  t h e  c o n t in u o u s  l a s e r  was a t t r i b u t e d  t o  o p t i c a l l y  in d u ced  r e f r a c t i v e
in d e x  in h o m o g e n e i t i e s .  By u s in g  b a r iu m  sodium n i o b a t e  (Ba2 Na Nbg
29a s  t h e  second  ha rm on ic  g e n e r a t o r  G e u s ic  e t  a l  w ere  a b l e  t o  g e n e r a t e
l . lW  o f  second  ha rm o n ic  power c o n t i n u o u s l y .  T h is  c o r r e s p o n d s  to  100%
c o n v e r s io n  e f f i c i e n c y  from  t h e  pump r a d i a t i o n  to  second  harm onic  power
i n  th e  s e n se  t h a t  t h e  second  ha rm o n ic  power was e q u a l  t o  t h e  fu n d a m e n ta l
o u tp u t  w i th  optimum o u tp u t  c o u p l in g  and w i th o u t  t h e  c r y s t a l  i n  the
c a v i t y .  T h is  r e m a rk a b ly  h ig h  c o n v e r s io n  was a t t r i b u t e d  to  th e  good
o p t i c a l  q u a l i t y ,  low a b s o r p t i o n  and h ig h  n o n l i n e a r  c o e f f i c i e n t  o f  
29Ba2 Na Nbg 0% g .
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The c o n t in u o u s -w a v e  c o n v e r s io n  o f  v i s i b l e  l i g h t  i n t o  UV was 
r e p o r t e d  by Dowley and Hodges^^ who found  t h a t  ADP and  KDP c o u ld  be  90° 
ph ase -m atch ed  a t  t h e  514 .5  nm l i n e  o f  an a rgon  l a s e r .  B ecause o f  t h e  
low g a in  o f  th e  a rg o n  l a s e r  i t  was n e c e s s a r y  to  keep  t h e  r e f l e c t i o n  l o s s  
from  t h e  c r y s t a l  s u r f a c e s  a s  low a s  p o s s i b l e .  A v a r i e t y  o f  methods were 
t r i e d  by t h e s e  a u t h o r s .  These i n c lu d e d  th e  u s e  o f  a n t i r e f l e c t i o n  (AR) c o a te d j  
windows a p p l i e d  t o  t h e  c r y s t a l  f a c e s  w i th  an  in d e x  m a tc h in g  f l u i d  and 
th e  u s e  o f  a n t i r e f l e c t i o n  c o a t i n g  a p p l i e d  d i r e c t  to  th e  c r y s t a l .  The 
in d e x  m a tc h in g  f l u i d s  u sed  w ere  d ry  g l y c e r i n  (n = 1 .4 7 5 )  and Dow 200 
f l u i d  (n = 1 .4 1 ) .  S in c e  t h e  f l u i d s  were t o  m atch c r y s t a l s  w i th  r e f r a c t i v e  
in d e x  n = 1 .5 2 ,  g l y c e r i n  would be e x p e c te d  t o  be  s u p e r i o r  to  Dow 200 
f l u i d .  H o w e v e r , i t  was found  t h a t  when g l y c e r i n  was u s e d ,a  UV power l e v e l  
i n  t h e  r e g i o n  o f  1 mW was a t t a i n e d  b e f o r e  t h e  a rg o n  l a s e r  s to p p e d  o s c i l l a t i n g  
T h is  was a t t r i b u t e d  t o  th e  UV a b s o r p t i o n  o f  g l y c e r i n  b e in g  so g r e a t  t h a t  
l o c a l  h e a t i n g  to o k  p l a c e  on th e  c r y s t a l  s u r f a c e  and caused  damage i n  a 
v e ry  s h o r t  t im e ,  I f  t h e  i n t r a c a v i t y  beam was chopped a t  a d u ty  c y c le  
o f  1 p a r t  ’o n ’ to  250 p a r t s  ’o f f ’ th e  o p e r a t i o n  was found  to  be s t a b l e  and 
UV powers i n  t h e  r e g i o n  o f  100 mW were o b ta in e d  d u r in g  t h e  ’o n ’ p e r i o d .
By u s in g  Dow 200 f l u i d  t h e  c o n t in u o u s  UV power was 5 mW. I t  was 
found  t h a t  an  i n i t i a l  i n t r a c a v i t y  power o f  10 W f e l l  t o  a b o u t  1 Watt 
o v e r  a 30 m in u te  p e r i o d .  However,when th e  l a s e r  was chopped th e  UV 
power was found  to  be  50 mW. A gain  t h e  c a u se  was th o u g h t  to  be c r y s t a l  
damage in d u ce d  by a b s o r p t i o n  i n  t h e  f l u i d .
When c r y s t a l s  w i th  a n t i - r e f l e c t i o n  c o a t i n g s  w ere  used  i t  was found  
t h a t  c o n t in u o u s  power o f  up t o  50 mW c o u ld  be o b t a i n e d  b u t  t h a t  th e  
fu n d am e n ta l  power was a b o u t  20% t o  40% down on i t s  v a lu e  b e f o r e  UV 
g e n e r a t i o n .  The fu n d a m e n ta l  power was n o t  r e c o v e r e d  a g a in  u n l e s s  th e  
c r y s t a l  was moved.
1
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30A l l  t h e  i n d i c a t i o n s  o f  t h e  Dowley and Hodges work i s  t h a t  when i
s i g n i f i c a n t  amounts o f  UV power a r e  e x p e c t e d , in d e x  m a tc h in g  f l u i d s  te n d
to  a b s o rb  and c a u se  damage. AR c o a t i n g s  a p p e a r  t o  b e  more s a t i s f a c t o r y
b u t  s i n c e  th e y  a r e  a p p l i e d  to  t h e  t e m p e ra tu re  s e n s i t i v e  and h y g r o s c o p ic  ,
c r y s t a l  s u r f a c e s  th e y  m ust be ' s o f t ’ c o a t i n g s  w hich  a r e  s u s c e p t a b l e  to
hot I' , \ ■ • • i t  would t h e r e f o r e  a p p e a r  t h a t  t h e  b e s t  way
o a v o id  c r y s t a l  damage prob lem s i s  to  a v o id  a l l  in d e x  m a tc h in g  f l u i d s  :
and AR c o a t i n g s  a p p l i e d  d i r e c t  t o  t h e  c r y s t a l .  F u r t h e r  s u p p o r t  f o r  t h i s
31v iew  i s  g iv e n  by t h e  s u b s e q u e n t  work o f  Dowley who found  t h a t  by u s in g  
th e  f re q u e n c y  d o u b le r  a t  B r e w s t e r ' s  a n g le  and th e r e b y  e l i m i n a t i n g  any 
d i r e c t  c o n t a c t  w i th  t h e  c r y s t a l  s u r f a c e , a  second  harm onic  power o f  more 
th a n  400 mW was p ro d u c e d .  T h is  was o b ta in e d  u s in g  90° ph ase -m atch ed  
KDP and  ADP c r y s t a l s  i n  an  a rg o n  l a s e r  w i th  optimum o u tp u t ,  
c o u p le r .
1 ,5  C on tinuous  Wave F requency  D oub ling  o f  Dye L a s e r s
The f i r s t  r e p o r t e d  u s e  o f  i n t r a c a v i t y  f r e q u e n c y  d o u b l in g  t o  p ro d u ce  -j
32 • tc o n t in u o u s  wave t u n a b l e  UV was by Gabel and H e rch er  i n  1972. A >
s c h e m a tic  d iag ra m  o f  t h e i r  l a s e r  i s  shown i n  f i g u r e  2 . The dye was f
Rhodamine 6G and  was c o n ta in e d  i n  q u a r t z  c e l l  p l a c e d  a t  B r e w s t e r ' s  a n g le  v|
to  t h e  c a v i t y  mode. The m i r r o r s  M2 and M3 w ere  u se d  i n  t h e  a s t i g m a t i c a l l y  "‘j
33 , 1com pensated a r ra n g e m e n t  d e s c r i b e d  by K oge ln ik  e t  a l  . C r y s t a l s  o f  ADP '1
and l i t h i u m  f o rm a te  m onohydra te  (LFM) were used  as  ha rm on ic  g e n e r a t o r s .
The r e f l e c t i o n  l o s s e s  o f  th e  c r y s t a l s  were m in im ised  by a p p ly in g  AR 
c o a te d  q u a r t z  s l i d e s  t o  t h e  c r y s t a l s  w i t h  a UV t r a n s p a r e n t  epoxy 
(Epo-Tek 3 0 5 ) .  The UV was c o u p le d  th ro u g h  a q u a r t z  s l i d e  s e t  a t  B r e w s t e r ' s  
a n g l e .  The maximum pump power a v a i l a b l e  to  Gabel and H ercher  was IW from  
an  a rg o n  io n  l a s e r .  At t h i s  pump power t u n a b l e  UV r a d i a t i o n  from  290 nm 
to  315 nm was o b t a i n e d .  The maximum second  ha rm on ic  power g e n e r a te d  i n  
th e  c a v i t y  was e s t i m a t e d  to  be 1 .1  mW a t  296 nm when ADP was u s e d .  The
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power from  LFM was found  to  be  a b o u t  f i v e  t im es  l e s s  th a n  t h i s .
The o n ly  o t h e r  r e p o r t e d  work on i n t r a c a v i t y  f r e q u e n c y  d o u b l in g  o f  a
c o n t in u o u s  wave dye l a s e r ,  b e s i d e s  t h a t  r e p o r t e d  h e r e i n
i s  t h a t  o f  F r o h l i c h ,  S t e i n ,  S ch ro d er  and W e ll in g  i n  1976 .The dye
, 34l a s e r  c a v i t y  used  by F r o h l i c h  e t  a l  was a lm o s t  i d e n t i c a l  to  t h a t  o f  
32Gabel and H erch er  e x c e p t  t h a t  t h e  pump l a s e r  was fo c u se d  d i r e c t l y  on to
a j e t  s t r e a m  o f  Rhodamine 6 G and  t h a t  F a b r y - P e r o t  é t a l o n s  were i n t r o d u c e d
i n t o  th e  c a v i t y  f o r  f r e q u e n c y  n a r ro w in g .  The c r y s t a l  u sed  was ADA w hich
can  be  90° p h a se -m a tc h ed  a t  t h e  l a s i n g  w a v e len g th s  o f  Rhodamine 6G,
The c r y s t a l  was 30 mm i n  l e n g t h  and a n t i r e f l e c t i o n  c o a te d  f u s e d  s i l i c a
f l a t s  w ere  a t t a c h e d  to  t h e  end f a c e s  u s in g  s i l i c o n e  o i l  (Bayer AG 10 ,0 0 0 )
U sing  th e  p r is m  a s  a . t u n i n g  e le m en t  and i n c l u d in g  a 0 .1  mm t h i c k n e s s
é t a l o n ,  t h e  l a s e r  l i n e w i d t h  was 15 GHz. The maximum a v a i l a b l e  pump power
was 7 W from  an a rg o n  i o n  l a s e r  o p e r a t i n g  a t  51 4 .5  nm. I t  was found
t h a t  a t  pump powers beyond a b o u t  4W th e  dye l a s e r  power s a t u r a t e d .  T h is
was a t t r i b u t e d  to  th e rm a l  l e n s i n g  i n  th e  dye j e t  c a u s in g  th e  l a s e r  to
o p e r a t e  i n  h ig h  o r d e r  modes. By c hang ing  from  a n  e th y l e n e  g l y c o l
35s o l u t i o n  to  an  aqueous  s o l u t i o n  w i th  a p o l y v in y l  a l c o h o l  added th e y  
found  t h a t  powers i n  e x c e s s  o f  9 W c o u ld  be u sed  w i th o u t  n o t i c e a b l e  
d e t r i m e n t a l  th e rm a l  e f f e c t s .
The maximum UV power g e n e r a te d  by F r o h l i c h  e t  a l^ ^  was 140 mW 
g e n e r a te d  b o th  ways w i t h i n  t h e  c a v i t y .  They w ere  a b l e  to  e x t r a c t  50 mW 
i n  one d i r e c t i o n .  S in g le  f r e q u e n c y  o p e r a t i o n  was o b ta in e d  by p l a c i n g  
two é t a l o n s  i n  t h e  c a v i t y .  The m easured  s i n g l e  f r e q u e n c y  UV o u t p u t  
power was 4 mW (an e s t i m a t e d  11 mW was g e n e r a te d )  w i th  a l i n e w i d t h  o f  
l e s s  th a n  50 MHz. F r o h l i c h  e t.  a l ^ ^  a t t r i b u t e d  much o f  t h e  r e d u c t i o n  
o f  s i n g l e  mode power t o  t h e r m a l ly  in d u ced  l o s s e s  i n  t h e  f r e q u e n c y  
s e l e c t i n g  é t a l o n s .  By go in g  t o  a  r i n g  l a s e r  a r r a n g e m e n t ,  th e y  a rg u e ,
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t h e  f r e q u e n c y  s e l e c t i n g  e f f o r t  i s  s m a l l e r  due to  th e  red u c e d  h o le  
b u rn in g  and so h i g h e r  power would be e x p e c t e d .  In  a f o o t n o t e  to  t h e i r  
p a p e r  th e y  have  r e p o r t e d  t h a t  s i n g l e  mode UV powers o f  up to  40 mW have  
been  m easured i n  a r i n g  l a s e r .
A l l  o f  t h e  r e p o r t e d  work on second  ha rm on ic  CW dye l a s e r s  h a s  
in v o lv e d  th e  u s e  o f  Rhodamine 6G as  t h e  l a s e r  d y e .  T h is  has  r e s t r i c t e d  
t h e  UV tu n in g  r a n g e  to  t h e  r e g i o n  285 nm t o  315 nm. T here  i s  no 
fu n d am e n ta l  r e a s o n  why f re q u e n c y  doub led  dye  l a s e r s  sh o u ld  n o t  be 
e x te n d e d  to  o t h e r  dyes  and nëw c r y s t a l s .  The r e a s o n  t h a t  a t t e n t i o n  
h a s  b e e n  r e s t r i c t e d  to  Rh 6G i n  t h e  r e c e n t  p a s t  i s  t h a t  t h i s  i s  by f a r  
th e  m ost e f f i c i e n t  d y e ,  i t  h a s  a lo n g  l i f e t i m e  and i s  e f f i c i e n t l y  pumped 
by th e  p o w e r fu l  5 1 4 .5  nm l i n e  o f  t h e  a rg o n  l a s e r .  I t  t h e r e f o r e  p r o v id e s  
an  i d e a l  sy s tem  f o r  deve lopm en t s t u d i e s .  Once an  e f f i c i e n t  d e s ig n  has  
b een  e s t a b l i s h e d  f o r  t h i s  dye  t h e  e x t e n s i o n  to  o t h e r  w a v e le n g th s  can  
th e n  be e n t e r t a i n e d .  T a b le  2 l i s t s  a r a n g e  o f  l a s e r  dyes  and c r y s t a l s  
w hich  can  be used  f o r  g e n e r a t i n g  t u n a b l e  UV from  a b o u t  210 nm to  350 nm. 
The l a s e r  dyes  a r e  g iv e n  i n  t h e  f i r s t  co lum n, f o l lo w e d  by t h e i r  
e f f i c i e n t  l a s i n g  w a v e le n g th s .  A s u i t a b l e  ha rm on ic  g e n e r a t o r  f o r  t h i s  
w a v e le n g th  i s  th e n  l i s t e d  i n  t h e  t h i r d  colum n. I f  i t  i s  p o s s i b l e  to  
a c h ie v e  90° p h a s e -m a tc h in g  o v e r  t h e  w a v e le n g th  r e g i o n , t h e  r e l e v a n t  
c r y s t a l  i s  l i s t e d  i n  t h e  f o u r t h  column and i t s  w a v e le n g th  ra n g e  i n  th e  
l a s t  colum n. I t  sh o u ld  be n o te d  t h a t ,  f o r  u n a x ia l  c r y s t a l s  such  as  
ADP,the e f f i c i e n c y  o f  h a rm o n ic  g e n e r a t i o n  i n c r e a s e s  a t  s h o r t e r  w a v e le n g th s  
as  th e  90° p h a s e -m a tc h in g  c o n d i t i o n  i s  a p p ro a c h e d .
1 .6  The Approach Adopted i n  t h i s  Work
In  t h i s  work we s h a l l  be  c o n c e rn e d  w i th  t h e  d e s ig n  o f  an  i n t r a c a v i t y  
f r e q u e n c y  do u b led  dye l a s e r .  The p r i n c i p a l  f e a t u r e  o f  t h i s  d e s ig n  i s  t h a t .
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t h e  c r y s t a l  i s  s e t  a t  B r e w s t e r ' s  a n g le  i n s i d e  th e  l a s e r  c a v i t y  to  a v o id  
th e  u s e  o f  in d e x  m atch in g  f l u i d s  and a n t i r e f l e c t i o n  c o a t i n g s  a p p l i e d  t o  
t h e  c r y s t a l .  The o p t i c a l  a b e r r a t i o n s  i n t r o d u c e d  when f o c u s in g  i n t o  a 
medium a t  B r e w s t e r ' s  a n g le  a r e  m in im ised  by u s e  o f  o f f r a x i s  s p h e r i c a l  
f o c u s in g  m i r r o r s  i n  a new c a v i t y  a r ra n g e m e n t .  Methods o f  t u n in g  th e  
l a s e r  o v e r  an d r a n g e  a r e  d e s c r i b e d  and th e  l a s e r  i s  u sed  to
d e t e c t  th e  Rydberg s t a t e s  o f  a to m ic  ru b id iu m  a s  an example o f  i t s  u se  
i n  a to m ic  s p e c t r o s c o p y .  A s i n g l e  f r e q u e n c y  v e r s i o n  o f  t h e  l a s e r  h as  been  
d e v e lo p e d  f o r  h ig h  r e s o l u t i o n  s p e c t r o s c o p y .
C h a p te r  I I  c o n t a i n s  a  r e v ie w  o f  n o n l in e a r  o p t i c s  w i th  s p e c i a l  
em phasis  on second  ha rm o n ic  g e n e r a t i o n .  P h a s e -m a tc h in g  t e c h n iq u e s  and 
f o c u s in g  f o r  maximum ha rm o n ic  g e n e r a t i o n  a r e  d e s c r i b e d .  The r e d u c t i o n  o f  
harm onic  c o n v e r s io n  due t o  a th e rm a l  p h a se -m ism a tc h in g  e f f e c t  i s  
c o n s id e r e d .
A new a n a l y s i s  o f  i n t r a c a v i t y  second  ha rm on ic  g e n e r a t i o n ,  n e c e s s i t a t e d
by th e  e x p e r im e n ta l  r e s u l t s  o f  t h i s  w ork , i s  g iv e n  i n  C h a p te r  I I I .
I t  i s  shown t h a t  th e  i n c l u s i o n  o f  t h e  th e rm a l  p h a se -m is m a tc h in g  e f f e c t
and c r y s t a l  a b s o r p t i o n  r e s u l t s  i n  c o n c lu s io n s  w hich  a r e  d i f f e r e n t  from
23 24p r e v io u s  s im p le r  a n a ly s e s  * . The c h o ic e  o f  c r y s t a l  p a ra m e te r s  w hich
o p t im is e  th e  second  ha rm on ic  power f o r  a  g iv e n  c a v i t y  l o s s  and c r y s t a l  
a b s o r p t i o n  i s  c a l c u l a t e d  as a f u n c t i o n  o f  th e  pump pow er.
In  C h a p te r  IV th e  o p t i c a l  a b e r r a t i o n s  ca u se d  by f o c u s in g  i n t o  a Brewst e  
a n g le d  c r y s t a l  a r e  c a l c u l a t e d .  I t  i s  shown t h a t ,  b e s i d e s  t h e  w e ll-know n  
a b e r r a t i o n  o f  a s t i g m a t i s m ,  t h e r e  i s  c o n s i d e r a b l e  amount o f  coma. I t  i s  
shown t h a t  b o th  coma and a s t i g m a t i s m  can  be e l i m i n a t e d  by a s u i t a b l e  ;•
o f f - a x i s  c a v i t y  a r ra n g e m e n t .
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Two p r o to t y p e  second  ha rm on ic  dye l a s e r s  a r e  d e s c r i b e d  i n  C h a p te r  V.
The f i r s t  u s e s  ADP as  t h e  f r e q u e n c y  d o u b le r  w i th  Rhodamine 6G a s  th e  d y e .  j
T h is  p ro d u c e s  a c o n t in u o u s  o u tp u t  power o f  35 mW a t  295 nm f o r  a pumping %
power o f  20 W. The second  u s e s  ADA a s  t h e  d o u b le r  and 30 mW a t  a pump J
power o f  4 .5  W has  b een  o b t a i n e d  w i th  t h i s  sy s te m . The UV l i n e w i d t h  c o u ld  i
be  narrow ed  to  0 ,0 0 2  nm and some tu n in g  sys tem s w hich  a l lo w  th e  second  
harm onic  to  be c o n t i n u o u s ly  scanned  o v e r  a r a n g e  o f  up to  3 nm a r e  d e s c r i b e d . % 
A new method o f  s c a n n in g  t h e  second  harm onic  w h i le  m ax im is ing  t h e  ha rm on ic  4
g e n e r a t i o n  i s  p ro p o s e d .  II
I n  C h a p te r  VI an  a to m ic  s p e c t r o s c o p y  ex p e r im e n t  u s in g  t h e  second 
harm onic  dye  l a s e r  i s  d e s c r i b e d .  The p r o p e r t i e s  o f  Rydberg atoms and some 
m ethods o f  s tu d y in g  them a r e  f i r s t  r e v ie w e d .  An e x p e r im e n t  i n v o lv in g  t h e  f
second  ha rm on ic  dye  l a s e r  and a new k in d  o f  sp a ce  c h a rg e  l i m i t e d  i o n i z a t i o n  5
d e t e c t o r  i n  w hich  s t a t e s  up t o  a  p r i n c i p a l  quantum number o f  a b o u t  n = 74 |
have  b een  s e l e c t i v e l y  e x c i t e d  i n  a to m ic  ru b id iu m ,  i s  d e s c r i b e d .  By 4
a p p ly in g  a sm a l l  e l e c t r i c  f i e l d  to  t h e  d e t e c t o r  t h e  d i p o l e  s e l e c t i o n  r u l e s  •
have  been  b ro k e n  by S t a r k  m ix in g  o f  t h e  n^S , n^P and  n^D s t a t e s .  As a 
c onsequence  ,new te rm  v a lu e s  o f  th e  n^S and n^D s e r i e s  up to  54^8 and 52^D 
.have b een  m ea su red .  A new ’ s a t u r a t e d  i o n i z a t i o n ’ t e c h n iq u e  o f  D o p p le r -  '
f r e e  s p e c t r o s c o p y  f o r  h ig h  l y i n g  s t a t e s  b a sed  on t h e s e  e x p e r im e n ts  i s  
p ro p o se d ,  ’
C h a p te r  V II  c o n ta i n s  a  r e v ie w  o f  a c t i v e  f r e q u e n c y  s t a b i l i z a t i o n  t
t e c h n iq u e s  f o r  s i n g l e  f r e q u e n c y  fu n d am e n ta l  dye  l a s e r s .  A p r o to t y p e  
s i n g l e  f r e q u e n c y  second  ha rm on ic  dye l a s e r  w hich  p ro d u c e s  a b o u t  O.IW o f  ï;
t u n a b l e  UV w i th  a  l i n e w i d t h  o f  b e t t e r  th a n  10 MHz a t  295 nm i s  d e s c r i b e d .
A method o f  f a s t  f r e q u e n c y  s t a b i l i z a t i o n  o f  t h e  second  harm onic  dye 
l a s e r  w hich u s e s  t h e  ha rm on ic  g e n e r a t o r  a l s o  a s  a m o d u la to r  i s  p ro p o s e d .
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The t h e s i s  c o n c lu d e s  w i th  a p p e n d ic e s  w hich d e t a i l  some o f  t h e  
s p e c i a l i s e d  e l e c t r o n i c s  u sed  i n  t h i s  w ork , a new method f o r  o b t a i n i n g  a 
c o n v e n ie n t  l a s e r  f re q u e n c y  r e f e r e n c e ,  and a d e s c r i p t i o n  o f  t h e  c o n s t r u c t i o n  
p r i n c i p l e s  o f  d e g e n e r a t e  i n t e r f e r o m e t e r s  f o r  u s e  a s  l a s e r  f re q u e n c y  
a n a l y s e r s .
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DL 200 CMX-4
Pump N i t r o g e n  L a s e r F lash lam p
W avelength  r a n g e 258 -  360 nm 265 -  365 nm
L in e w id th  i n  UV 0 .0 2  nm 0 .1  nm
Peak UV power 10 kW 400 W
P u l s e  d u r a t i o n 5 n se c 1 y se c
A verage UV power 1 mW 10 mW
T a b le  1 T y p ic a l  c h a r a c t e r i s t i c s  o f  two f r e q u e n c y  dou b led  
p u l s e d  dye l a s e r s .
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q u a r t z
M2
SHG c ry s t a l
a r g o n  pump beam
d y e  cel l
M3
F ig u r e  2 . S chem atic  d ia g ra m  o f  th e  c a v i t y  u se d  by Gabel and H erch er  .
CHAPTER I I
REVIEW OF THE PRINCIPLES 
OF SECOND 1-IARIÎ0NIC GENERATION
A b s t r a c t
A re v ie w  o f  th e  p r i n c i p l e s  o f  n o n l i n e a r  o p t i c s  
w i th  p a r t i c u l a r  r e f e r e n c e  to  second  harm on ic  g e n e r a t i o n  
i s  g iv en  in  t h i s  c h a p t e r .  Emphasis i s  g iv en  to  m ethods 
o f  p h a se  m a tc h in g  and the  c h o ic e  o f  f o c u s in g  f o r  
maximum c o n v e r s io n  e f f i c i e n c y .  Thermal e f f e c t s  such  as 
th e rm a l  p h a se  m ism a tc h in g  and th e rm a l  l e n s i n g  w h ich  
re d u c e  th e  second ha rm on ic  g e n e r a t i o n  e f f i c i e n c y  a r e  
shown to  be im p o r ta n t  when h ig h  power c o n t in u o u s  wave 
l a s e r  beams a r e  u s e d .
I I . 1
I I . 1 I n t r o d u c t i o n
Second ha rm on ie  g e n e r a t i o n  was t h e  f i r s t  n o n l i n e a r  o p t i c a l  e f f e c t  
to  r e s u l t  from  th e  u se  o f  l a s e r  r a d i a t i o n  and was d i s c o v e r e d  i n  1961 
s h o r t l y  a f t e r  th e  f i r s t  d e m o n s t r a t io n  o f  t h e  ru b y  l a s e r ^ .  Second 
harm onic  g e n e r a t i o n  i s  s t i l l  one o f  t h e  most w id e ly  used  n o n l in e a r  
o p t i c a l  p r o c e s s e s  f o r  th e  e x t e n s i o n  o f  l a s e r  r a d i a t i o n  to  new w a v e le n g th  
r e g i o n s .  The power d e n s i t y  r e q u i r e d  to  a c h ie v e  s i g n i f i c a n t  harm on ic  
g e n e r a t i o n  h a s  b een  d r a m a t i c a l l y  red u c e d  by th e  u s e  o f  phase~ m atch ing  
p r o c e s s e s .  The i n t e r a c t i o n  i s  made e f f i c i e n t  by e n s u r in g  t h a t  th e  
p h ase  o f  th e  p r o p a g a t in g  wave and th e  g e n e r a te d  n o n l i n e a r  p o l a r i z a t i o n  
a r e  i n  s t e p .  For second  ha rm on ic  g e n e r a t i o n ,  p h a s e -m a tc h in g  im p l ie s  
t h a t  t h e  p h a se  v e l o c i t y  o f  t h e  fu n d am e n ta l  and second harm onic  waves a r e  
e q u a l  i n  th e  n o n l i n e a r  m a t e r i a l .  The most common method o f  a c h ie v in g  
p h a s e - m a tc h in g  i n  a c r y s t a l  i s  by  th e  u s e  o f  n a t u r a l  b i r e f r i n g e n c e  o f  th e
m a t e r i a l .
The second im p o r ta n t  method o f  i n c r e a s i n g  th e  e f f i c i e n c y  o f
harm onic  g e n e r a t i o n  i s  t o  fo c u s  t h e  fu n d am en ta l  beam i n t o  th e  n o n l i n e a r
e le m e n t .  T h is  p ro b lem  h a s  been  th o ro u g h ly  t r e a t e d  i n c l u d i n g  th e  c a s e  where
b i r e f r i n g e n c e  e x i s t s . .  A l s o ,  s e v e r a l  f o c u s in g  r u l e s  have  b e e n  e s t a b l i s h e d
2f o r  d e s ig n in g  a ha rm on ic  g e n e r a t i o n  sy s tem  .
An e f f e c t  w hich  i s  d e t r i m e n t a l  to  p h ase -m atch ed  ha rm on ic  g e n e r a t i o n  
i s  t h e  a b s o r p t i o n  o f  fu n d am e n ta l  r a d i a t i o n  w i t h i n  t h e  n o n l in e a r  
e l e m e n t ^ '^ .  T h is  i s  p a r t i c u l a r l y  s e r i o u s  i n  a c o n t in u o u s -w a v e  sy s tem  
w here l a r g e  a v e ra g e  powers a r e  i n v o lv e d .  The a b so rb e d  r a d i a t i o n  l e a d s  
to  a n o nun ifo rm  h e a t i n g  .which d e s t r o y s  t h e  p h a s e -m a tc h in g  a c r o s s  th e  
l a s e r  beam. T h is  e f f e c t  ca n n o t  e a s i l y  be c o r r e c t e d  and l e a d s  t o  a 
r e d u c t i o n  o f  harm on ic  pow er.
In  t h e  f o l l o w in g  we s h a l l  c o n s id e r  some th e  above p o i n t s  w i th
I I . 2
r e f e r e n c e  to  harm onic  g e n e r a t i o n  i n  a c r y s t a l .
I I . 2 N o n l in e a r  Phenomena
When a medium i s  s u b je c t e d  to  an e l e c t r i c  f i e l d  t h e r e  i s  an 
in duced  p o l a r i z a t i o n .  For a weak e l e c t r i c  f i e l d  th e  p o l a r i z a t i o n  i s  
l i n e a r l y  p r o p o r t i o n a l  to  th e  a p p l i e d  f i e l d  and i s  g iv e n  by
P = Xj I  (1 )
w here Xj i s  t h e  l i n e a r  s u s c e p t i b i l i t y  and e i s  t h e  p e r m i t t i v i t y  o f  f r e e  
s p a c e .  The l i n e a r  s u s c e p t i b i l i t y  i s  r e l a t e d  to  th e  r e f r a c t i v e  in d ex  of  
th e  medium n by th e  r e l a t i o n s h i p  x^ = "  1 «
I n  c r y s t a l l i n e  media th e  l i n e a r  s u s c e p t i b i l i t y  i s  a t e n s o r  w hich
fo l lo w s  th e  symmetry p r o p e r t i e s  o f  th e  c r y s t a l . F o r  i s o t r o p i c  m edia  t h e r e
i s  t h e r e f o r e  o n ly  one v a lu e  o f  t h e  r e f r a c t i v e  in d e x .  For u n i a x i a l  media
t h e r e  a r e  two v a l u e s ,  n^ th e  o r d i n a r y  and n^ th e  e x t r a o r d i n a r y  i n d i c e s
and f o r  b i a x i a l  c r y s t a l s  t h e r e  a r e  t h r e e  v a lu e s  o f  th e  r e f r a c t i v e  i n d e x ,
n , n_ and n . a* 3 Y
A l i n e a r  p o l a r i z a t i o n  i s  o n ly  an  a p p ro x im a t io n  to  th e  c o m p le te  
c o n s t i t u t i v e  r e l a t i o n  w hich  c an  be  w r i t t e n  as  a power s e r i e s  i n  th e  
a p p l i e d  f i e l d ,  as
P = ^0  ^ ~  ^2 • £  • E X3 • E • I .  ’ ^   ^ (2)
where Xg t h e  second  o r d e r  n o n l i n e a r  s u s c e p t i b i l i t y  and x^ i s  t h e  t h i r d  
o r d e r  n o n l i n e a r  s u s c e p t i b i l i t y .  "Many i n t e r e s t i n g  o p t i c a l  phenomena a r i s e  
from th e  second  and t h i r d  o r d e r  s u s c e p t i b i l i t i e s ^ .  For exam ple, x% 
g iv e s  r i s e  t o  second  ha rm o n ic  g e n e r a t i o n ,  dc r e c t i f i c a t i o n ,  t h e  l i n e a r  
e l e c t r o - o p t i c  e f f e c t ,  p a r a m e t r i c  o s c i l l a t i o n , a n d  t h r e e - f r e q u e n c y  sum and 
d i f f e r e n c e  m ix in g .  The t h i r d  o r d e r  s u s c e p t i b i l i t y  g iv e s  r i s e  to  t h i r d  
harm onic  g e n e r a t i o n ,  th e  q u a d r a t i c  e l e c t r o - o p t i c  e f f e c t ,  tw o -pho ton
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a b s o r p t i o n ,  and  Raman, B r i l l o u i n  and R a y le ig h  s c a t t e r i n g .  We s h a l l  
c o n s id e r  o n ly  e f f e c t s  a r i s i n g  from  X2 *
As w i th  t h e  l i n e a r  s u s c e p t i b i l i t y ,  t h e  second  o r d e r  n o n l in e a r  
s u s c e p t i b i l i t y  m ust d i s p l a y  t h e  symmetry p r o p e r t i e s  o f  t h e  c r y s t a l  medium, r; 
A c o n seq u en ce  o f  t h i s  f a c t  i s  t h a t  i n  c e n t r o - s y m m e t r i c  c r y s t a l s  t h e  second  
o r d e r  s u s c e p t i b i l i t y  m ust v a n i s h ^ .  Second o r d e r  n o n l in e a r  e f f e c t s  can
t h e r e f o r e  o n ly  o c c u r  i n  a n i s o t r o p i c  m a t e r i a l s ,
I I . 3 Coupled Wave E q u a t io n s
In  o r d e r  to  show how a n o n l i n e a r  p o l a r i z a t i o n  g iv e s  r i s e  to  g e n e r a te d
5e l e c t r o m a g n e t i c  f i e l d s  we d e r i v e  a s e t  o f  c o u p le d  wave e q u a t io n s  , To do
t h i s  we f i r s t  show how M ax w ell 's  e q u a t io n s  can  be  u se d  to  d e r i v e  a wave
e q u a t io n  w here t h e  n o n l i n e a r  p o l a r i z a t i o n  a c t s  as t h e  s o u rc e  te rm  r e s p o n s i b l  
f o r  n o n l i n e a r  e f f e c t s .
M ax w ell 's  e q u a t i o n s  can  be  w r i t t e n  i n  SI u n i t s  a s
V X E = -  B (3)
V X H = D + J  (4)
w i th  c o n s t i t u i t i v e  r e l a t i o n s
D = e E + P (5)
J  = j E  (6 )
B = H (7)
w here P_ i s  t h e  n o n l i n e a r  p a r t  o f  t h e  p o l a r i z a t i o n . -  Assuming t h a t  th e  
medium i s  n o nm agne tic  and n o n c o n d u c t in g  and t a k i n g  t h e  c u r l  o f  e q u a t i o n  
(3) we o b t a i n
9 X  V X  E = V(V.E) -  V^E -  (V X  B)
= -  i r  X s )
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o r
a^E a^p
V^E - y e  ——  = y -----  . (9)
-  ° a tz  ° a c 2
T his  wave e q u a t io n  d e s c r i b e s  t h e  e l e c t r i c  f i e l d  i n  t h e  medium g e n e r a te d  by
th e  n o n l in e a r  p o l a r i z a t i o n  P_. The f i e l d s  r e f e r r e d  to  i n  e q u a t io n  (8 )
a r e  i n s t a n t a n e o u s  f i e l d s .  We now c o n v e r t  t h e s e  f i e l d s  to  t h e i r  F o u r i e r
components s i n c e  i t  i s  cu s tom ary  to  d e f i n e  th e  n o n l i n e a r  s u s c e p t i b i l i t y  
i n  te rm s o f  f r e q u e n c y  com ponen ts .  We can  w r i t e  t h e  e l e c t r i c  f i e l d  and 
d r i v i n g  p o l a r i z a t i o n  as
] E ( r , t )  = I [ IE exp i  (k.r_ -  wt) + c . c .  ] (10)
P^ (r_, t )  = 5 [P_ (^ ,w ) exp i  ( k . ^  -  wt) + c . c .  ] ( l l )
We now r e d u c e  th e  p rob lem  t o  one d im en s io n  by a ssum ing  t h a t  t h e  waves 
p r o p a g a te  o n ly  i n  t h e  z d i r e c t i o n .  By s u b s t i t u t i n g  e q u a t i o n s (10) and 
(11 ) i n t o  e q u a t io n  (9 ) we f i n d  t h a t
i k  I f  + i  £ I f  = -  P
where t h e  s lo w ly  v a r y i n g  wave a p p ro x im a t io n  has  been  made, i e
»  CO ■—  »  —
3t2
and k ^
(OE »  | £ .dt
D iv id in g  e q u a t io n  (12) by i k  and n o t in g  t h a t  k = nw/c and y^e^ = 1 /c ^  
we have
T h is  e q u a t io n  r e l a t e s  t h e  e n v e lo p e s  o f  t h e  e l e c t r i c  f i e l d  and n o n l in e a r  
p o l a r i z a t i o n s .  We now go on to  u s e  t h i s  e q u a t io n  i n  d e r i v i n g  t h e  co u p led
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wave e q u a t io n  f o r  t h e  p a r t i c u l a r  c a s e  o f  second  ha rm on ic  g e n e r a t i o n .
I I . 4 Second Harmonic G e n e r a t io n
A llow ing  f o r  t h e  t e n s o r  p r o p e r t i e s  of  %2 th e  f re q u e n c y  p r o p e r t i e s  
o f  t h e  e l e c t r i c  f i e l d ,  th e  co m p le te  p o l a r i z a t i o n  i n  a f r e q u e n c y  summing 
p r o c e s s  i s  g iv e n  by a r e p e a t e d  summation o f  th e  components o f  a t e n s o r  
o f  o r d e r  two. However, b e c a u s e  o f  symmetry many o f  t h e  components a r e  
z e ro  and f o r  second  h a rm o n ic  g e n e r a t i o n  t h e  p o l a r i z a t i o n  r e d u c e s  to
P2io = ‘^ e f f  \  \  exp [ i (2 r  ] (14)
and
c^o = • £  ] (15)
where d^^^ i s  t h e  e f f e c t i v e  n o n l i n e a r  c o e f f i c i e n t  f o r  t h e  i n t e r a c t i o n  and
w i l l  be  d i s c u s s e d  i n  s e c t i o n  I I . 5 . The s u b s c r i p t s  on P and E r e p r e s e n t  
th e  f r e q u e n c y  o f  t h e  com ponen ts .
S u b s t i t u t i n g  e q u a t io n s  (14) and (15) i n t o  e q u a t io n  (13) and assum ing
a s t e a d y  s t a t e  we o b t a i n  
dE
= ÎK E2u) exp (iA kz) (16)
dEzw ,= IK E E exp ( - lA k z )  (17)
where
and
Ak = k 2o) -  2k = 4r(n2w -  n )/X (18)
K = « d ^ ^ ^ /n c .  (19)
We now assume t h a t  t h e  fu n d a m e n ta l  wave i s  u n d e p le te d  by th e  
g e n e r a t i n g  p r o c e s s ,  i e  dE ^ /dz  = 0 and i n t e g r a t e  e q u a t io n  (17) o v e r  th e  
c r y s t a l  l e n g t h  £ to  o b t a i n
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£/2
^2cü -  /  ixE  ^ exp ( - iA k z)  dz
- £ / 2  w
N oting  t h a t  t h e  i n t e n s i t y  ( d e f in e d  as  power p e r  u n i t  a r e a )  i s  g iv e n  by 
I  = nee  | E p / 2  (21)0 I I '
t h e  low c o n v e r s io n  l i m i t  ha rm on ic  i n t e n s i t y  i s  g iv e n  by
I  = (2k^£^I  2 /n c e  ) s i n c ^ ( ^ %  (22 )Zü) w o  z
T h is  shows how p h a s e -m a tc h in g  e n t e r s  t h e  c o n v e r s io n  p r o c e s s  th ro u g h  
t h e  p h a se  sy n ch ro n ism  f a c t o r  s in c ^  (A k£ /2 ) .  When p h a s e -m a tc h in g  h a s  been  
acco m p lish e d  i e  Ak£ = 0 th e  g e n e r a t i o n  p r o c e s s  i s  p r o p o r t i o n a l  to  
and th e  s q u a re  o f  t h e  fu n d am e n ta l  i n t e n s i t y .  T h is  r e s u l t  h o ld s  i n  th e  
p la n e  wave f o c u s i n g  l i m i t  w here I  = P/A and th e  beam a r e a  A = itw^ ^ / 2 
w i th  w^ th e  g a u s s i a n  beam e l e c t r i c  f i e l d  r a d i u s .  The a b i l i t y  to  o b t a i n  
p h a s e -m a tc h in g  i s  t h e  m ost im p o r ta n t  f a c t o r  i n  d e te r m in in g  th e  e f f i c i e n c y  
o f  t h e  ha rm on ic  p r o c e s s  and we now d i s c u s s  some m ethods o f  o b t a i n i n g  p h a se  
m atch in g  i n  u n i a x i a l  c r y s t a l s ,
I I . 5 P h ase -M atch in g
S in ce  most m a t e r i a l s  a r e  p o s i t i v e l y  d i s p e r s i v e  o v e r  th e  f r e q u e n c y  
ra n g e  o f  i n t e r e s t  i t  i s  u s u a l l y  th e  c a s e  t h a t  n^^ > n^ u n l e s s  s p e c i a l  
s t e p s  a r e  t a k e n .  The m ost common method of  e n s u r in g  t h a t  p h a s e -m a tc h in g
c a n 'b e  a c co m p lish e d  i s  to  u s e  t h e  n a t u r a l  b i r e f r i n g e n c e  o f  t h e  c r y s t a l l i n e  
m a t e r i a l s  to  o f f s e t  t h e  e f f e c t  o f  d i s p e r s i o n .
For wave p r o p a g a t io n  i n  b i r é f r i n g e n t  m ed ia ,  an  i n c i d e n t  wave o f  
a r b i t r a r y  p o l a r i z a t i o n  i s  r e s o l v e d  i n t o  two p o l a r i z a t i o n  components upon 
e n t e r i n g  th e  medium. The p o l a r i z a t i o n s  a r e  o r th o g o n a l  and i n  u n i a x i a l
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c r y s t a l s  a r e  r e s o l v e d  i n t o  o r d i n a r y  and e x t r a o r d i n a r y  com ponen ts . The 
o r d i n a r y  wave p r o p a g a te s  w i th  an  in d e x  o f  r e f r a c t i o n  n^ w hich i s  
in d e p e n d e n t  o f  t h e  p r o p a g a t io n  d i r e c t i o n .  The e x t r a o r d i n a r y  wave i s  
p o l a r i z e d  i n  t h e  p l a n e  c o n t a i n i n g  t h e  o p t i c  a x i s  and t h e  p r o p a g a t io n  
d i r e c t i o n  and h as  an  in d e x  o f  r e f r a c t i o n  which i s  d i r e c t i o n  d e p e n d en t  
and g iv e n  by
l / n ^ ( 0 ) =' ( s i n ^ 0 / n ^2 + c o s ^ 0 / n ^ ^ ) ^ .  (23)
The e x t r a o r d i n a r y  r e f r a c t i v e  in d e x  may be e i t h e r  g r e a t e r  th a n
o r  l e s s  th a n  th e  o r d in a r y  r e f r a c t i v e  in d e x  c o r r e s p o n d in g  to  e i t h e r  a
p o s i t i v e  o r  n e g a t i v e  u n i a x i a l  c r y s t a l  r e s p e c t i v e l y .  U n le ss  t h e  c r y s t a l
b i r e f r i n g e n c e  i s  e x a c t l y  t h e  c o r r e c t  s i z e  th e  p r o p a g a t io n  d i r e c t i o n  f o r
p h ase  m atch in g  i n  t h e  c r y s t a l  must be chosen  a t  some a n g le  0 such  t h a t
n (0 ) = n f o r  a n e g a t i v e  b i r é f r i n g e n t  c r y s t a l  o r  n „ = n (0 )e , 2w 0 , 0) “ o o , 2o) e,w
f o r  a p o s i t i v e  b i r é f r i n g e n t  c r y s t a l .  T h is  i s  r e f e r r e d  to  a s  ty p e  I  
p h a s e -m a tc h in g  a n d , f o r  0 5^ 90° ,a s  c r i t i c a l  p h a s e - m a tc h in g .
A second  p a ra m e te r  ,o f  im p o r ta n c e  when c h o o s in g  a p r o p a g a t io n  
d i r e c t i o n  i n  t h e  c r y s t a l ^ i s  t h e  e f f e c t i v e  n o n l i n e a r  c o e f f i c i e n t  w hich  
we in t r o d u c e d  e a r l i e r .
The n o n l i n e a r  s u s c e p t i b i l i t y  u sed  i n  e q u a t io n  (13) i s  a t e n s o r  and
must be  e v a lu a te d  f o r  each  c r y s t a l  symmetry and p r o p a g a t io n  d i r e c t i o n .
The p a ra m e te r  d^^^ i s  i n t r o d u c e d  as  a c o n v e n ie n c e  so t h a t  th e
r e p e a t e d  summations a r e  e v a lu a t e d  and a s i n g l e  p a ra m e te r
r e s u l t s  which can  be  u sed  i n  f u r t h e r  c a l c u l a t i o n .  The p ro c e d u r e  f o r
c a l c u l a t i n g  d^^^ h a s  b een  e x t e n s i v e l y  co v e re d  f o r  a l l  t h e  a c e n t r i c  p o i n t  
9groups . s i n c e  we s h a l l  be c o n c e rn e d  e x c l u s i v e l y  w i t h  ADP and i t s
isom orphs i n  t h e  p o i n t  g roup  42m we s im p ly  q u o te  t h e  r e s u l t  f o r  t h e  v a lu e
o f  d ._  i n  t h i s  c a s e ,  e f  f
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F or a wave p r o p a g a t in g  a t  an  a n g le  0 to  th e  o p t i c  a x i s  and ( se e  
f i g  1 ) to  t h e  c r y s t a l  x - a x i s  t h e  o n ly  nonzero  n o n l i n e a r  c o e f f i c i e n t  i s  dj i^  ^ I
(i
( s e e  r e f  6 , 7 ,9  f o r  a d e f i n i t i o n  o f  t h e  s u b s c r i p t s )  and t h e  e f f e c t i v e  n o n l i n e a r  j 
c o e f f i c i e n t  i s
d = -  d^q. s i n  0 s i n  2^. (24)
The v a lu e  d^ij can be  found  i n  t h e  s ta n d a r d  ta b  l e s  For ADP th e  v a lu e  o f  
dii^ i s  5 X 10-13 mV-1.
C l e a r l y , t o  m axim ise  d^ ^ ^ , (p s h o u ld  be chosen  to  be  a t  45° to  th e  
x -a n d  y - a x e s . The a n g le  0 w i l l  u s u a l l y  be  d e te rm in e d  by th e  p h a s e -m a tc h in g  
c o n d i t i o n  how ever ,  and d^^^ c a n n o t  a lw ays be m ax im ised . I t  i s  a d v a n ta g e o u s  
to  make 0 « 90° i f  t h i s  i s  p o s s i b l e .
The more s e r i o u s  a s p e c t  o f  t h e  r e s t r i c t i o n  on th e  v a lu e  o f  0 to  
a l lo w  p h a s e -m a tc h in g  i s  t h e  d o u b le  r e f r a c t i o n  when 0 i s  n o t  e q u a l  to  9 0 ° .
We s h a l l  now c o n s id e r  t h i s .
When t h e  e x t r a o r d i n a r y  wave p r o p a g a te s  i n  a c r y s t a l  i t s  power f lo w  
d i r e c t i o n  d i f f e r s  by th e  d o u b le  r e f r a c t i o n  a n g le  p ( s e e  f i g  1 ) f rom  t h e  
p h a se  v e l o c i t y  d i r e c t i o n .  The e f f e c t  i s  u s u a l l y  r e f e r r e d  to  a s  P o y n t in g  
v e c t o r  w a l k - o f f  and l e a d s  to  a w a l k - o f f  o f  t h e  g e n e r a te d  beam a t  an  a n g le  p .  
The d o u b le  r e f r a c t i o n  a n g le  i s  g iv e n  by
p t a n  p ■? [ l / ( n 2 ^2w)^ ~  ^ s in 2 0  (25)
For a l a s e r  beam fo c u s e d  i n t o  t h e  c r y s t a l ,  t h e  power f lo w  l e a d s  to  a
s e p a r a t i o n  o f  t h e  e x t r a o r d i n a r y  and  o r d i n a r y  waves a f t e r  a d i s t a n c e
= TT^ w/p (26)
2c a l l e d  t h e  a p e r t u r e  l e n g t h  . In  e q u a t i o n  ( 2 6 ) ,  w i s  t h e  r a d i u s  o f  t h e  
fo c u s e d  beam. T y p i c a l l y ,  t h e  a n g le  p i n  ADA may be  1° and 
w = 20 ym, w hich  g iv e s  Z^ = 0 ,2  cm. T h is  may be l e s s  t h a n  th e  t o t a l  
c r y s t a l  l e n g t h  and c an  th u s  l e a d  t o  a  s u b s t a n t i a l  r e d u c t i o n  i n  second
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harm onie  e f f i c i e n c y .  When 6 i s 9 0 °  t h e  a n g le  p i s O  t h e r e  i s  no 
P o y n t in g  v e c t o r  w a lk - o f f  and t h e r e  i s  th u s  an  i n f i n i t e  a p e r t u r e  l e n g t h .  
A gain  90° p h a s e -m a tc h in g  i s  d e s i r a b l e  when i t  i s  p o s s i b l e .
A f u r t h e r  a d v a n ta g e  o f  90° p h a s e -m a tc h in g  i s  t h e  i n c r e a s e d  a c c e p ta n c e  
a n g le  o v e r  a c r i t i c a l l y  p h a se -m a tc h ed  c r y s t a l .  (The a c c e p ta n c e  a n g le  i s  th e  
change i n  a n g le  9 w hich  r e d u c e s  t h e  harm onic  g e n e r a t i o n  from  i t s  maximum 
a t  p e r f e c t  p h a s e -m a tc h in g  t o  z e r o .  T h is  o c c u rs  when t h e  p h a se  m ism atch 
Ak goes from  z e ro  to  2tt/£  ( s e e  e q u a t io n  ( 2 2 ) . )
The a c c e p ta n c e  a n g le  can  be  c a l c u l a t e d  by ex p an d in g  t h e  p h a s e  m is ­
m atch p a ra m e te r  Ak i n  a T a y lo r  s e r i e s  i n  6 a b o u t  th e  p h a s e -m a tc h in g  
c o n d i t i o n  to  g iv e
Ak(6 ) = m e j  + 11^  Ig (e -  ^ g ü  (0 -  e j ^ / 2 1 .
m d'^ 0 m
The f i r s t  te rm  i n  t h i s  e x p a n s io n  i s  z e ro  s in c e  0^ i s  t h e  p h a s e -m a tc h in g  
a n g le .  For a c r i t i c a l l y  ph a se -m a tc h ed  n e g a t i v e  u n i a x i a l  c r y s t a l  th e  
a c c e p ta n c e  a n g le  60 (0^)  w hich  g iv e s  Ak(0) = 2r/&  i s  found  by u s in g  th e  
second  te rm  i n  th e  e x p a n s io n  and i s
60(6^) = X/ ■ "e,2w) 1 ' (27)
For a n o n c r i t i c a l l y  ph a se -m a tc h ed  c r y s t a l  w i th  0^  = 9 0 ° ,  th e  second  te rm
i n  th e  e x p a n s io n  i s  z e ro  and t h e  a c c e p ta n c e  a n g le  i s  g iv e n  by th e  t h i r d  te rm
as ,
6 8 (9 0 ° )  .  [ X / 2% ( n , ,2w '  (28)
The r a t i o  o f  a c c e p ta n c e  a n g le s  f o r  t h e  same medium i s
6 6 ( 9 O ° ) /6 e (0 ^ )  = s in 2 6 ^  [ (29)
T y p ic a l  v a lu e s  f o r  t h e  above p a r a m e te r s  a r e  s in 2 0 ^  -  1» £ = 1 cm,
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(n  ^ ~ n ) = X = 6 X 10”’  ^ cm. T h is  g iv e s  a r a t i o  o f0 , 2(0 e , 2w
a c c e p ta n c e  a n g l e s ,  6 G (9 0 ° ) /ô 8 (8 ^ )  = 1 0 .
T h is  means t h a t  when 90° p h a s e -m a tc h in g  i s  n o t  p o s s i b l e  th e  a n g u la r  
t o l e r a n c e  on ha rm on ic  g e n e r a t i o n  i s  more c r i t i c a l . T h is  can  have  i t s  
e f f e c t s  when s t r o n g  f o c u s i n g  i s  a t t e m p te d  o r  when a h i g h l y  d i v e r g e n t  
l a s e r  beam (such a s  i s  found  i n  a  m ultim ode l a s e r ) i s  u se d  to  p e r fo rm  
harm onic  g e n e r a t i o n  i n  a  c r i t i c a l l y  p h a se -m a tc h ed  c r y s t a l ,
I I . 6 F o c u s in g
In  o r d e r  t o  p e r fo rm  e f f i c i e n t  ha rm on ic  g e n e r a t i o n  i t  i s  im p o r ta n t  
t h a t  t h e  fu n d a m e n ta l  beam s h a l l  be  fo c u se d  i n t o  t h e  c r y s t a l .  T h is  i s  
p a r t i c u l a r l y  im p o r ta n t  when a r e l a t i v e l y  low power c o n t in u o u s -w a v e  s o u rc e  
i s  u s e d .  In  t h i s  s e c t i o n  we c o n s id e r  t h e  e f f e c t s  o f  f o c u s i n g  on the  
ha rm on ic  g e n e r a t i o n  p r o c e s s .  The g a u s s i a n  n a t u r e  o f  l a s e r  beams i s  a l s o  
t a k e n  i n t o  a c c o u n t  i n  t h e  a n a l y s i s ,
The fu n d a m e n ta l  mode e l e c t r i c  f i e l d  i s  d e s c r i b e d  by
W  1 1 1E ( r , z )  « E .e x p  [ -i(kz-<{>) ] exp{-r% [  + } (30)-O w (z) ^ ^ (2 )
where
(j) = t a n ”  ^ (z/z j^) (31)
and
2z^ = b -  w ^^k . (32)
In  th e  a bove , è i s  t h e  p h a se  f a c t o r  f o r  a TEM mode, b i s  t h e  c o n f o c a l  ’  ^ oo '
p a ra m e te r  o f  t h e  beam, z ^  i s  t h e  R a y le ig h  r a n g e ,  R i s  t h e  w a v e f ro n t  
c u r v a t u r e ,  w^ i s  t h e  e l e c t r i c  f i e l d  r a d i u s  a t  th e  f o c a l  p o i n t  z = 0 and 
k i s  t h e  w a v e v e c to r ,  k = 2r n /X .
The beam r a d i u s  i s ,  i n  g e n e r a l ,  a  f u n c t i o n  o f  t h e  d i s t a n c e  z a lo n g
th e  beam p r o p a g a t io n  d i r e c t i o n  g iv e n  by
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w ^(z)  = [ 1  + ( z / z ^ ) 2  ] (33)
and th e  w a v e f ro n t  c u r v a t u r e  i s
R (z )  = z [ 1 + (z j^ /z )^  ] . (34)
The f a r  f i e l d  beam d i f f r a c t i o n  a n g le  i s
0 = X/ww^. (35)
The z d e p e n d e n t  e l e c t r i c  f i e l d  l e a d s  to  c o m p l ic a t io n s  i n
s o lv i n g  t h e  c o u p le d  n o n l i n e a r  e q u a t io n s  and o n ly  an  i n t e g r a l  s o l u t i o n
i s  p o s s i b l e .  The s o l u t i o n  o f  t h e  co u p le d  wave e q u a t i o n s  i n c l u d i n g  beam
d i f f r a c t i o n  and t h e , e f f e c t s  o f  P o y n t in g  v e c t o r  w a l k - o f f  have  b een  c o n s id e r e d
2by Boyd and  Kleinm an . We s h a l l  d i s c u s s  t h e  r e s u l t s  o f  t h e i r  a n a l y s i s .
2A c c o rd in g  to  Boyd and  Kleinm an th e  second  ha rm on ic  power can  be 
w r i t t e n  i n  te rm s  o f  a r e d u c t i o n  f a c t o r  h(B ,Ç) as
2 d 2
p = (2a ê f l —  ) P 2 t k  h (B ,Ç )  = Kh(B,ç)jlP  Z ( 35)
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w here  B i s  t h e  w a l k - o f f  p a ra m e te r
B = a p (&k^)& (37)
and Ç i s  t h e  f o c u s i n g  p a ra m e te r
S = &/b. (38)
The f a c t o r  h (B ,Ç )  d e te r m in e s  t h e  r e d u c t i o n  o f  t h e  second  harm onic  
power due to  P o y n t in g  v e c t o r  w a l k - o f f  and to  f o c u s i n g .  The f a c t o r
h (B ,Ç ) i s  p l o t t e d  i n  f i g u r e  2 as  a f u n c t i o n  o f  w a l k - o f f  B. I n  t h i s  i t
has  b een  assumed t h a t  Ç has  b e e n  c h o sen  to  m axim ise h ( B ,Ç ) .  I t  i s  o f t e n  
im p o r ta n t  to  d e te r m in e  how much second  ha rm on ic  power w i l l  be g e n e r a te d
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i n  t h e  fu n d am e n ta l  mode. Boyd and Kleinman have c a l c u l a t e d  a 
second  r e d u c t i o n  f a c t o r  h (B ,g )  w hich d e te rm in e s  t h e  power i n  t h e  
second  harm on ic  g e n e r a te d  i n  t h e  fu n d am e n ta l  mode and i t  i s  a l s o
shown i n  f i g u r e  2 .  I t  can  be se en  i n  f i g u r e  2 t h a t  f o r  sm a l l  B i e
sm a l l  w a l k - o f f  a n g l e s , o r  f o r  c r y s t a l  l e n g t h s  much s m a l l e r  t h a n  th e  
a p e r t u r e  l e n g th ,  t h e  f a c t o r  h(B ,Ç ) ->• h(B ,Ç) , T h is  c o r r e s p o n d s  to  th e  
t o t a l  second  ha rm on ic  o u tp u t  becoming l e s s  m ultim ode due to  w a l k - o f f  
and becoming more fu n d a m e n ta l  mode i n  n a t u r e .
The r e d u c t i o n  f a c t o r  h (B ,Ç ) i s  shown as  a f u n c t i o n  o f  Ç f o r  v a r i o u s  
v a lu e s  o f  th e  w a l k - o f f  p a ra m e te r  B i n  f i g u r e  3 .  The maximum v a lu e  of  
h(B ,Ç) i s  1 .068  and  o c c u rs  when t h e r e  i s  no w a lk - o f f  a t  Ç = 2 .84  
(B = 0 ) .  For sm a l l  v a lu e s  o f  Ç, h (B ,Ç ) d e c r e a s e s  a p p ro x im a te ly  l i n e a r l y  
w i th  Ç as  i s  p r e d i c t e d  by a c a l c u l a t i o n  b a sed  on a n e a r  f i e l d
a s su m p t io n  t h a t  t h e  beam s p o t  s i z e  i s  a p p ro x im a te ly  c o n s t a n t  th ro u g h o u t
t h e  c r y s t a l .
In  t h e  p r e s e n c e  o f  s t r o n g  f o c u s i n g  (Ç »  1) t h e  d iv e r g e n c e  o f  t h e  
fo c u s e d  beam a p p ro a c h e s  t h e  a c c e p ta n c e  a n g le  o f  t h e  c r y s t a l  and t h e  
ha rm on ic  power i s  r e d u c e d .
I n  th e  i n t e r m e d i a t e  r e g i o n  (Ç'vl) t h e  c r y s t a l  w a l k - o f f  i s  t h e  p r i n c i p a l  
f a c t o r  d e te r m in in g  th e  r e d u c t i o n  o f  t h e  ha rm on ic  pow er. In  t h i s  r e g i o n  
th e  r e d u c t i o n  f a c t o r  can  be  a p p ro x im a te ly  w r i t t e n
h(B ,C) 7t/ 4 b2 (B2/4 > C > 2 / b 2 ) .  (39)
In  a d d i t i o n  to  s e r i o u s l y  r e d u c in g  t h e  ha rm on ic  power c r y s t a l  w a l k - o f f  
a l s o  f l a t t e n s  t h e  r e d u c t i o n  f a c t o r  o v e r  a w ide  r a n g e  o f  f o c u s in g  
p a r a m e t e r s ,
In  o r d e r  t o  k eep  t h e  i n t e n s i t y  on th e  c r y s t a l  s u r f a c e  as sm a l l  
a s  p o s s i b l e ,  Ç s h o u ld  be c h o sen  such  t h a t  g > 2 /B ^ . T h is  c o n d i t i o n
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c o r r e s p o n d s  to  a f o c a l  s p o t  s i z e  w g iv e n  by
w < p&/(2 /  2 ) .  (40)
For l a r g e r  s p o t  s i z e s  t h e  ha rm o n ie  e f f i c i e n c y  i s  red u c e d  and f o r  s m a l l e r  
s p o t  s i z e s  t h e  second  ha rm o n ic  c o n v e r s io n  i s  p r a c t i c a l l y  c o n s t a n t  b u t  th e  
l a s e r  i n t e n s i t y  on t h e  c r y s t a l  i n c r e a s e s ,
A s e r i e s  o f  l i m i t i n g  form s h as  been  ev o lv ed  w hich  e n a b le s  us to  
choose  p a ra m e te r s  f o r  p r a c t i c a l  d e s i g n s .  I n t r o d u c in g  an  e f f e c t i v e  l e n g t h  
due t o  f o c u s in g
= 2b /n  (41)
and u s in g  t h e  a p e r t u r e  L eng th  d e f in e d  i n  e q u a t io n  ( 2 6 ) , t h e  l i m i t i n g
2form s can  be summarized a s  f o l l o w s  :
P ( 2w) =
(*a' &f >> (42)
&&a (&2 >> A »  A*) (43)
(A »  Z^ »  & ) (44)
(A >> Z^ »  z p (45)
4.764^2 (Z^ »  z »  z p , (46)
The f i r s t  l i m i t  c o r r e s p o n d s  t o  p l a n e  wave f o c u s in g  w here h ( ^ ,B )  -  Z/h 
and th e  ha rm on ic  c o n v e r s io n  e f f i c i e n c y  i s  o p t im is e d  a t  Z/h ~ 2 ,84  w here 
h = 1 ,0 6 8 ,
When p ^ 0 t h e  a p e r t u r e  l e n g t h  w i l l  l i m i t  t h e  i n t e r a c t i o n  l e n g t h  to  
t h e  second  and t h i r d  c a s e s .  In  g e n e r a l ,  th e  l a s t  two c a s e s  a r e  n o t  
e n c o u n te re d  e x p e r i m e n t a l l y .
H i t h e r t o ,  c r y s t a l  a b s o r p t i o n  has  b een  n e g l e c t e d .  A b s o r p t io n  i n  t h e  
c r y s t a l  c an  c l e a r l y  have  th e  e f f e c t  o f  r e d u c in g  t h e  fu n d am e n ta l  and harm on ic
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f i e l d .  How ever,we s h a l l  be  p a r t i c u l a r l y  c oncerned  by t h e  th e rm a l  
h e a t i n g  w hich th e  a b s o r p t i o n  o f  r a d i a t i o n  c r e a t e s .  T h is  h a s  a 
d e t r i m e n t a l  e f f e c t  on th e  ha rm on ic  e f f i c i e n c y  and  w i l l  be d i s c u s s e d  
i n  t h e  n e x t  s e c t i o n .
I I .7 Thermal E f f e c t s
When a l a s e r  beam w i th  a G a u ss ia n  i n t e n s i t y  p r o f i l e  i s  p a r t i a l l y  
a b so rb e d  i n  g o in g  th ro u g h  a c r y s t a l  th e  d e p o s i t e d  e n e rg y  g iv e s  r i s e  to  
a t e m p e r a tu r e  v a r i a t i o n  a c r o s s  t h e  beam. T h is  n o nun ifo rm  h e a t i n g  o f  th e  
c r y s t a l  c a u s e s  a n o n u n ifo rm  v a r i a t i o n  o f  r e f r a c t i v e  in d e x  o f  t h e  c r y s t a l  
and r e s u l t s  i n  a  p h a se  change a c r o s s  t h e  beam. Nonuniform  p h ase  m is ­
m a tc h in g ,  th e rm a l  s e l f - f o c u s i n g  and  s e l f - d e f o c u s i n g  can  be th e  r e s u l t  o f  
t h e s e  v a r i a t i o n s .
For a h e a t  s o u r c e  o f  G a u ss ia n  form  and assum ing  c y l i n d r i c a l  symmetry 
w i th  p r o p a g a t io n  d i r e c t i o n  a lo n g  t h e  z - a x i s  t h e  t e m p e ra tu re  d i s t r i b u t i o n  
o v e r  t h e  c r y s t a l  i s  g iv e n  by th e  h e a t  d i f f u s i o n  e q u a t i o n  f o r  a s t e a d y  
s t a t e  a s^
d2 T /d r^  + ( d T / d r ) / r  + (q /K ^ ) e x p ( - 2r 2 /w^2 ) = 0 (47)
w here  q i s  t h e  a v e ra g e d  a b s o rb e d  power p e r  u n i t  volume and i s  g iv e n  by
q = P (0) (1 -e x p  (-Ô14,) }/2tt4, j  r d r  e x p  ( - 2r 2 /w^2 )
0
= 2P^(0)  ô i / ï ïw^2 (48)
w here t h e  a p p ro x im a t io n  i n  e q u a t i o n  (48) i s  v a l i d  f o r  sm a l l  6^4 and 
w here i s  t h e  th e rm a l  c o n d u c t i v i t y  o f  t h e  c r y s t a l  and 6% i s  th e
a b s o r p t i o n  c o e f f i c i e n t  a t  t h e  fu n d a m e n ta l  w a v e le n g th .  A b s o rp t io n  o f  t h e
second  ha rm on ic  i s  assumed to  have  a n e g l i g i b l e  e f f e c t .  P ro v id e d  t h a t
when r  = 0 ,  d T /d r  i s  n o t  i n f i n i t e  t h e  s o l u t i o n  to  e q u a t i o n  (47) i s
d T /d r  = (P^ô i / 2 ttk^ )  (1 -  e x p  ( -2 r2 /w ^ 2 )  } / j - , (49)
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A good a p p ro x im a t io n  to  t h i s  t e m p e r a tu r e  p r o f i l e  is"^
T ( r )  = (P^6i/27rK^) e x p ( - r2 /w ^ 2 )  (50)
i n  t h a t  t h e  f i r s t  t h r e e  te rm s  o f  t h e  T a y lo r  e x p a n s io n  o f  e q u a t io n  (50)
a r e  e q u a l  to  t h e  c o r r e s p o n d in g  ones  i n  t h e  e x p r e s s io n  t h a t  i s  o b t a in e d
by e xpand ing  e q u a t i o n  (4 9 ) i n  a s e r i e s  and i n t e g r a t i n g  te rm  by te rm .
C lo se  t o  t h e  a x i s , t h e  t e m p e r a tu r e  d i s t r i b u t i o n  can  be f u r t h e r  a p p ro x im a te d
3by a q u a d r a t i c  d e pendence  ,
T (r) = 1 ( 0 )  -  (P^5i/2 irK j)(rZ /w ^2). (51)
The d e f l e c t i o n  o f  t h e  p a r t  o f  t h e  beam a t  a  d i s t a n c e  r  from  th e  a x i s  o f
th e  beam i s  a p p ro x im a te ly  g iv e n  by
a A®  “  I  ]  d z  1 . ( 5 2 )
0
The d e f l e c t i o n  o f  t h e  beam a t  i t s  w a i s t  i s  t h u s
0 = (P ^ 6 iJ l /P j ) e^  (5 3)
where 0 ,  i s  th e  a n g le  o f  beam d iv e r g e n c e  g iv e n  by
“ 2 /k lW g ( 5 4 )
The c r i t i c a l  d i s s i p a t e d  power i s  g iv e n  by
■= X i < ^ O n ^ / 0 T ) - l  ( 5 5 )
and d e te r m in e s  when th e rm a l  l e n s i n g  has  a s i g n f i c i a n t  e f f e c t .  I f  th e  
t o t a l  power a b so rb e d  i n  t h e  c r y s t a l  exceeds  t h e  c r i t i c a l  v a lu e  P ^ , 
t h e  d iv e r g e n c e  due  to  th e  th e rm a l  l e n s i n g  e f f e c t  
becomes co m parab le  to  t h e  d iv e r g e n c e  o f  th e  fo c u s e d  beam. The th e rm a l
l e n s i n g  e f f e c t  may n o t  have  a v e ry  s e r i o u s  e f f e c t  on th e  harm on ic  power
2g e n e r a te d  s i n c e ,  a s  shown by Boyd and Kleinman , t h e  g e n e r a te d  power i s  
n o t  a s t r o n g  f u n c t i o n  o f  t h e  f o c u s i n g  p a ra m e te r  o v e r  t h e  r e g i o n  w here
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t h i s  p a r a m e t e r  i s  opt imum ( se e  f i g u r e  3 ) .  However, if* the  c r y s t a l  |1
i s  i n s i d e  a l a s e r  c a v i t y  t h e  l e n s i n g  e f f e c t  can  s e r i o u s l y  u p s e t  t h e  }
c a v i t y  s t a b i l i t y  and e v e n t u a l l y  l e a d  to  a c o m p l e t e l y  u n s t a b l e  c a v i t y .
I n s e r t i n g  v a l u e s  t y p i c a l  o f  ADP i n t o  e q u a t i o n ( 5 5 ) = 6 x 10~5 ^m,
= 2 X 10“ 2 w cm*"  ^ (9n^ /5T)  = 3 x 10"^ K ~ l ) t h e  c r i t i c a l
d i s s i p a t e d  power o b t a i n e d  i s  P^ = 40 mW. For c r y s t a l s  w i t h  low 
a b s o r p t i o n  c o e f f i c i e n t s  i n  t h e  r e g i o n  o f  = 10"'^ cm"~l , t h e  t h e rm a l
l e n s i n g  e f f e c t  sho u ld  n o t  be  s i g n i f i c a n t  e x c e p t  f o r  f u n d am e n ta l  powers  
g r e a t e r  t h a n  a b o u t  20W o r  f o r  l o n g  c r y s t a l s .
We now c o n s i d e r  t h e  r e d u c t i o n  o f  harmonic  power due t o  t h e  n onun i fo rm  
pha se  change  a c r o s s  t h e  beam p r o f i l e .  In  t h e  n e a r  f i e l d  l i m i t  t h e  
e x p r e s s i o n  (30) f o r  t h e  G a u s s ia n  mode r e d u c e s  t o
E ( r )  = EfO) e x p ( - r 2 / W g 2 ) .  (56)
The second  ha rm onic  f i e l d  a m p l i t u d e  g e n e r a t e d  by such  a wave a m p l i t u d e
a t  t h e  fu n d am e n ta l  w a v e le n g th  i s  g i v e n  by
E ^ ^ ( r )  = KAE^^(r) s inc2(AkA/2 )
= kAE^2(q) e x p ( -2 r2 /w ^ 2 )  s i n c ^ ( A k A / 2 ) . (57)
The second  ha rm on ic  power i s  t h e r e f o r e  g i v e n  by
n e e  . 27t • °°
/  I EzwCr) (58)O 0
a n d , t h e  fu n d am e n ta l  power i s
n ce . 27T . 00
2- /  /  I E ^(r) |2rdrd*
O 0
n ce TTW 2
( - y - ) 1 E^(0)  . (59)
The t o t a l  second  ha rm on ic  power g e n e r a t e d  by t h e  f u n d a m e n ta l  wave i s
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P = (K^&Zp 2 ^  CTTE W 4) [ e o ^Sinc2 (AlcA/2)rdr (60)2w w w 0 o ' 0
Under p h a s e - m a t c h in g  c o n d i t i o n s  t h e  second  ha rm onie  power r e d u c e s  t o
P ° = C£ 2 )p  2 (61)2tü w 0 0 w
The e f f e c t  o f  p h a s e - m is m a tc h in g  a c r o s s  t h e  beam can  be o b t a i n e d  by 
expanding  t h e  momentum mismatch  p a r a m e t e r  Ak a b o u t  t h e  p h a s e -m a tc h ed  
c o n d i t i o n .  For  a n e g a t i v e  u n i a x i a l  c r y s t a l  which i s  t y p e  I ,  c r i t i c a l l y  
pha se -m a tc hed  t h e  e x p a n s i o n  g i v e s
Ak = (4«/X){n^ -
m
+ (4TT/X){8[n^^^ -  n2ü)(8^)]/9T},p^^ (62)
S ince  0^  and T^ a r e  t h e  ph a s e -m a tc h e d  a n g l e  and t e m p e r a t u r e  r e s p e c t i v e l y ,  
t h e  f i r s t  t e rm  on t h e  r i g h t  hand s i d e  o f  e q u a t i o n  (62) i s  z e r o .  The 
second t e rm  e x p r e s s e s  t h e  p h a s e  mismatch caused  by t h e  nonun i fo rm  h e a t i n g .
I f  i t  i s  assumed t h a t  t h e  c r y s t a l  i s  a d j u s t e d  such  t h a t  p h a s e - m a t c h in g  
i s  a c h i e v e d  i n  t h e  c e n t r e  o f  t h e  beam, (T -  T^) i n  e q u a t i o n  (62) w i l l  be 
g i v e n  as  ( P ^ ô j /2irK^) {1 -  e x p  ( - r ^ / w ^ ^ ) } ,  The second  harm onic  power i s  
t h e r e f o r e  g i v e n  by
• 4 s ii?[  a { l - e x p  ( - r ^ / w  2)} /2 ]
P = (K^&Zp ^  4) r e x p ( - 4 r 2 / w  2)     r d r  (63)0) (j) 0 o ^ o a 2{l~exp  ( - r 2 /w^2 ) }2
where a =■ 23P^diA/Xk.j, h P^ /P^  (64)
and g = O n  / / 0 T  -  3 n ^ ^ ( e j / 3 1 )  (65)
m
The r e d u c t i o n  o f  ha rm on ic  power f rom  t h a t  e x p e c t e d  when t h e r e  a r e  no 
th e r m a l  e f f e c t s  i s
.«> 4 s i n 2 [ a { l - e x p ( - r 2 / w  2 )} /2 ]
h = p / p  .»  (8/w 2)  J e x p ( - 4 r 2 / w  2) ------------------------------ — ----------  r d r  (66)
? 2" 0 ° a 2 { l - e x p ( - r 2 / w ^ 2 ) } 2
where
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E v a l u a t i n g  the  i n t e g r a l ,  t h e  f o l l o w i n g  r e s u l t  i s  o b t a i n e d
h^ = ( 8 /a 2 )  [ a S i ( a )  -  (1 cos a) -  3 ( y - C i ( a )  + I n a )  + 3 ( a - s i n  a ) / a
- ( a / 2  -  s i n  a ) / a  -  (1 -  cos  a ) / a 2  ] (67)
a
S i ( a )  = J  ( s i n x / x ) d x  
o 
a
C i (a)  = J ( c o s x / x ) d x  
0
Y -  E u l e r ' s  c o n s t a n t  = 0 .5 7 7 2 1 .
T h i s  i s  t h e  r e s u l t  o b t a i n e d  by Okada and l e i r i ^  . I n  t h e  a p p r o x i m a t i o n  
o f  e q u a t i o n  (51) t h e  r e d u c t i o n  f a c t o r  becomes
h^ = (8/w^2) j  exp ( - 4r 2 /w^2 ) g i n e 2 [ a r ^ /Z w ^ ^  ] r d r  
0
= ( 8 / a )  [ a r c t a n  ( a / 4 )  -  ( 2 / a )  -  l n ( l  + a ^ / l b ) ]  (68)
3T h i s  i s  t h e  r e s u l t  o b t a i n e d  by Mikhina e t  a l  and c o r r e s p o n d s  t o  a 
q u a d r a t i c  p h a s e  v a r i a t i o n  a c r o s s  t h e  beam.
When t h e  p a r a m e t e r  a becomes v e r y  l a r g e  b o t h  o f  t h e  e q u a t i o n s  (67) 
and (68) r e d u c e  t o
h^ -> (4ï ï /a)  (69)
The p a r a m e t e r  h^ i s  p l o t t e d  as  a f u n c t i o n  o f  a i n  f i g u r e  4 u s i n g
t h e  r e s u l t s  o f  Okada and l e i r i ^  and t h o s e  of  Mikhina  e t  a l ^ .  The r e s u l t s
a g r e e  w i t h i n  a  t o l e r a n c e  o f  a b o u t  10% and b o t h  p r e d i c t  a b e h a v i o u r  i n  
which t h e  second  ha rm on ic  power i s  q u a d r a t i c  i n  f u n d a m e n ta l  power a t  
low powers  and s a t u r a t e s  t o  b e i n g  l i n e a r l y  d e p e n d e n t  a t  h i g h  power.
We s h a l l  show i n  C h a p t e r  I I I  how t h i s  c a n  c o n s i d e r a b l y  modify  t h e  d e s i g n
o f  an i n t r a c a v i t y  s econd  ha rm on ic  l a s e r .
^ N o t ic e  t h a t  t h e r e  i s  a m i s p r i n t  i n  t h e i r  e q u a t i o n  ( 1 0 ) .
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CHAPTER I I I
A THEORY OF SECOND HARMONIC 
GENERATION IN DYE LASERS
A b s t r a c t
A new t h e o r e t i c a l  a n a l y s i s  o f  i n t r a c a v i t y  s e cond  ha rmon ic  
g e n e r a t i o n  i n  a  dye l a s e r  i s  d e v e lo p e d .  The model i n c l u d e s  
a b s o r p t i o n  and i t s  a s s o c i a t e d  th e r m a l  phase  m ism a tc h ing  e f f e c t  
i n  the  c r y s t a l  and e x c i t e d  s t a t e  a b s o r p t i o n  i n  t h e  dye .  The 
r e s u l t i n g  c o u p le d  n o n l i n e a r  e q u a t i o n s  a r e  s o l v e d  by com pute r .
The r e s u l t s  a r e  shown to  be  q u i t e  d i f f e r e n t  f rom t h e  c o n c l u s i o n s  
o f  more s im p le  a n a l y s e s  where  t h e r m a l  e f f e c t s  and a b s o r p t i o n  
i n  t h e  c r y s t a l  a r e  n e g l e c t e d .  Optimum c o n v e r s i o n  e f f i c i e n c y  
and c h o i c e  o f  c r y s t a l  l e n g t h s  a r e  g iv e n  f o r  a r an g e  o f  pumping 
p o w e r s ,  c r y s t a l  a b s o r p t i o n  and l i n e a r  l o s s e s  f rom t h e  c a v i t y .
I I Ï . l
I I I » !  I n t r o d u c t i o n
The g e n e r a t i o n  o f  second  ha rm on ie  r a d i a t i o n  by l o c a t i n g  t h e  d o u b l i n g
1-5e le m en t  i n s i d e  t h e  l a s e r  c a v i t y  has  been  e x t e n s i v e l y  t r e a t e d  . Ixbst
a n a l y s e s  have d e a l t  s p e c i f i c a l l y  w i t h  t h e  c a s e  o f  ha rm on ic  g e n e r a t i o n  w i t h
s o l i d  s t a t e  l a s e r s .  The s i m p l e s t  model  o f  i n t r a c a v i t y  second  ha rm on ic
2g e n e r a t i o n  i s  t h a t  p r opose d  by Smith , T h i s  model has  been  d e s c r i b e d
i n  C h a p t e r  I  and t h e  main r e s u l t s  a r e  quo ted  h e r e .  I n  S m i t h ’s
model  t h e  l a s i n g  t r a n s i t i o n  i s  assumed to  be homogeneously  b roade ne d  and 
t h e  l a s e r  c a v i t y  i s  assumed to  have  m i r r o r s  which a r e  t o t a l l y  r e f l e c t i n g  a t  
t h e  fu n d am e n ta l  w a v e l e n g t h .  The e f f e c t  of  t h e  n o n l i n e a r  ha rm onic  g e n e r a t o r  
i n  t h e  c a v i t y  i s  a c c o u n t e d . f o r  by i n t r o d u c i n g  a pow e r -d e p e n d e n t  r e f l e c t i o n  
c o e f f i c i e n t  wh ich c o r r e s p o n d s  t o  t h e  o u t p u t  c o u p l i n g  v i a  second  ha rm onic  
g e n e r a t i o n .  T h i s  c o u p l i n g  i s  assumed l i n e a r  i n  i n t r a c a v i t y  power .  The
f u n d am e n ta l  power w i t h i n  t h e  l a s e r  c a v i t y  i s  found  by e q u a t i n g  t h e
s a t u r a t e d  l a s e r  g a i n  to  t h e  sum o f  t h e  l i n e a r  ( p a r a s i t i c )  and n o n l i n e a r  
( u s e f u l )  l o s s e s .  On s o l v i n g  t h e  r e s u l t i n g  e q u a t i o n  two i n t e r e s t i n g  p o i n t s  
a r i s e .  The f i r s t  i s  t h a t  t h e r e  i s  an optimum n o n l i n e a r  c o u p l i n g  c o e f f i c i e n t  
wh ich i s  d e p e n d e n t  upon  t h e  l i n e a r  l o s s  o f  t h e  c a v i t y  b u t  i n d e p e n d e n t  o f  
t h e  pumping power.  The l i n e a r  l o s s  i n  t h e  c a v i t y  d i r e c t l y  i n c r e a s e s  t h e  
amount o f  n o n l i n e a r i t y  r e q u i r e d  t o  e x t r a c t  t h e  maximum second  ha rm onic  
power b u t  once  t h e  n o n l i n e a r i t y  has  be e n  chosen  t o  maximise  t h e  second  
ha rm on ic  power t h i s  w i l l  be t h e  opt imum c o u p l i n g  f o r  a l l  pump pow ers .  Th is  
i s  i n  c o n t r a s t  t o  t h e  c a s e  o f  a normal  homogeneous ly b r oade ne d  l a s e r  where  
t h e  opt imum o u t p u t  c o u p l i n g  i s  d e p e n d e n t  on pump power .  The second 
i n t e r e s t i n g  p o i n t  t o  a r i s e  f rom t h e  s o l u t i o n  o f  t h e  ' g a i n  e q u a l s  l o s s  ' 
e q u a t i o n  i s  t h a t  t h e  s econd  ha rm on ic  power o u t p u t  a t  opt imum c o u p l i n g  
i s  e x a c t l y  e q u a l  t o  t h e  power a v a i l a b l e  f rom t h e  l a s e r  o p e r a t i n g  a t  the  
f u n d a m e n ta l  w a v e le n g th  when t h e  opt imum t r a n s m i s s i o n  m i r r o r  has  been  c h o s e n .
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S ubsequen t  a n a l y s e s  o f  t h e  p r o b le m  o f  i n t r a c a v i t y  second  ha rmonic
g e n e r a t i o n  have  been  s l i g h t l y  more s o p h i s t i c a t e d  t h a n  S m i t h ’ s a p p ro a c h
3b u t  t h e  b a s i c  models  have  been  s i m i l a r .  Volosov e t  a l  have  i n t r o d u c e d
more complex g a i n  e q u a t i o n s  which a r e  a p p l i c a b l e  to  t h r e e  and f o u r  l e v e l
l a s e r s  and have  a l l o w e d  f o r  s a t u r a t i o n  o f  second  ha rm on ic  g e n e r a t i o n  a t
h i g h  ha rm on ic  c o n v e r s i o n  e f f i c i e n c i e s . They a l s o  a l l o w e d  f o r  a b s o r p t i o n
i n  t h e  n o n l i n e a r  medium and i n  a s u b s e q u e n t  p a p e r  c o n s i d e r e d  t h e  e f f e c t
5o f  wave mismatch c o n d i t i o n s  .
I n  o u r  a p p ro a c h  t o  t h e  p rob le m  of  ha rm on ic  g e n e r a t i o n  i n  t h e  c a v i t y  
o f  a dye l a s e r  we u s e  t h e  model  o f  Teschke  e t  a l ^  f o r  h i g h  power c o n t in u o u s -  
wave dye l a s e r s  and  a l l o w  f o r  c r y s t a l  a b s o r p t i o n  and i t s  a s s o c i a t e d  
t h e r m a l  e f f e c t s  i n  t h e  ha rm on ic  g e n e r a t i o n  p r o c e s s  * .
I I I . 2 Dye L a s e r  Model
An ene rgy  l e v e l  d i a g r a m  o f  a t y p i c a l  l a s e r  dye  i s  shown i n  F i g u r e  1,  
The p h o t o p h y s i c a l  p r o p e r t i e s  o f  dyes  have  been  e x t e n s i v e l y  d i s c u s s e d  i n  
t h e  l i t e r a t u r e  and no d e t a i l e d  d e s c r i p t i o n  i s  g i v e n  h e r e .  The v e r y  f a s t  
t h e r m a l i z a t i o n  t im e  w i t h i n  t h e  v i b r a t i o n a l  -  r o t a t i o n a l  con t inuum  o f  a 
g i v e n  e l e c t r o n i c  l e v e l  a l l o w s  t h e  dye t o  be c o n s i d e r e d  a s  homogeneous ly 
b r o a d e n e d .  As a c o n s e q u e n c e , t h e  p o p u l a t i o n  o f  each  e l e c t r o n i c  l e v e l  i s  
c o n s i d e r e d  'in t o t o  ,and e m i s s i o n  and a b s o r p t i o n  from and to  a g i v e n  band 
i n f l u e n c e s  t h e  e n t i r e  p o p u l a t i o n  r e g a r d l e s s  o f  t h e  w a v e l e n g t h  o f  t h e  
r a d i a t i o n .  A change  i n  w a v e l e n g t h  o n l y  changes  t h e  r e l a t i v e  m ag n i tu d e  
of  t h e  i n t e r a c t i o n  and i s  d e s c r i b e d  by a w a v e le n g th  d e p e n d en t  c r o s s -  
s e c t i o n .
S t i m u l a t e d  e m i s s i o n  t a k e s  p l a c e  a t  t h e  l a s e r  w a v e l e n g t h  w i t h  c r o s s -  
s e c t i o n  g i v e n  by
= E(X)x'^/8 7r Ti c n^ (1)
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where n i s  t h e  in d ex  o f  r e f r a c t i o n  o f  t h e  dye medium, t i  i s  t h e  
f l u o r e s c e n c e  decay  t im e  and E(X) i s  t h e  f l u o r e s c e n c e  l i n e  shape  
n o r m a l iz e d  such  t h a t
J E(X)dX = ^ (2)
0
where  <j) i s  t h e  quantum e f f i c i e n c y .  The t o t a l  f l u o r e s c e n c e  l i f e t i m e  i s  
g i v e n  by
where  t i ,- i s  t h e  r a d i a t i v e  l i f e t i m e  o f  S i ,  Ic i s  t h e  n o n r a d i a t i v e  i l  ^ ' ss
s i n g l e t  (Si Sq) r e l a x a t i o n  r a t e  and i s  t h e  s i n g l e t - t r i p l e t  c r o s s ­
o v e r  r a t e .  The f l u o r e s c e n c e  quantum e f f i c i e n c y  (j) i s  r e l a t e d  t o  t h e s e  
q u a n t i t i e s  by
T i r ”  ^ Ti
(4)
A s c h e m a t i c  d i a g r a m  o f  t h e  dye l a s e r  geomet ry  u s e d ,  i s  shown i n
f i g u r e  2. The pump beam (1^)  p r o p a g a t e s  i n  one d i r e c t i o n  o n l y ,  w h i l e  t h e
l a s e r  beam c o n s i s t s  o f  two o p p o s i t e l y  r u n n in g  waves ( I ^ , I ^ ) ,  assumed t o  have
u n i f o r m  a r e a .  The q u a n t i t i e s  1 , 1 . ' * '  and I .  a r e  t h e  i n t e n s i t i e s  o f  t h ep £
r e s p e c t i v e  beams (pho tons  s e c ”  ^ cm” ^ ) . The s t e a d y  s t a t e  p ho ton  t r a n s p o r t  
e q u a t i o n  f o r  t h e  pump i s  
d l
= Ip  No + *ap
where i s  t h e  g round  s t a t e  a b s o r p t i o n  c r o s s - s e c t i o n  o f  pump r a d i a t i o n
and i s  t h e  e x c i t e d  Si s t a t e  a b s o r p t i o n  c r o s s - s e c t i o n  o f  t h e  pump
r a d i a t i o n .  The p o p u l a t i o n s  o f  t h e  ground  and e x c i t e d  s t a t e s  a r e  Nq and 
Ni r e s p e c t i v e l y .  The second  t e r m  on t h e  r i g h t  hand s i d e  o f  t h i s  e x p r e s s i o n  
r e p r e s e n t s  e x c i t e d  s t a t e  a b s o r p t i o n  which  w i l l  be  d e t r i m e n t a l  t o  l a s e r  
a c t i o n  and i s  t h e  f i r s t  d e p a r t u r e  o f  t h e  Teschke  e t  a l ^  model f rom o t h e r
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s im p le  dye l a s e r  m o de l s .  For  one o f  t h e  l a s e r  beams t h e  s t e a d y  s t a t e  
p h o ton  t r a n s p o r t  e q u a t i o n  becomes
dx = l /  Hi -  a j  Ni -  No -  0^^ Nj, ] (6)
where  a a ? and o ^ a r e  t h e  c r o s s - s e c t i o n s  f o r  a b s o r p t i o n  of  t h e  l a s e r  a £ '  a£ a£ -
beam r a d i a t i o n  by t h e  e x c i t e d  s t a t e ,  ground s t a t e  and t r i p l e t  s t a t e ,  
r e s p e c t i v e l y .  The p o p u l a t i o n  o f  t h e  t r i p l e t  s t a t e  i s  .
The p o p u l a t i o n  r a t e  e q u a t i o n  f o r  S% i s
dNi
= a °  Nq I  -  Ni --  -  Ni 0^ I .  + No 0 J  I .  (7 )d t  ap  ^ p Tl e £ a£ £
where I^ -  I^ "** + I^  . T h i s  e q u a t i o n  n e g l e c t s  t h e  e f f e c t  o f  p o p u l a t i o n  
change  o f  t h e  Sj s t a t e -  due to  S% S2 t r a n s i t i o n s  b e c a u s e  t h e  m o le c u le s  
i n  t h e  S2 s t a t e s  r a p i d l y  r e t u r n  to  The r a t e  e q u a t i o n  f o r  t h e
t r i p l e t  s t a t e  i s  
dN
k  ^ Ni -  (8)d t  “ % t  ''1 7  ' tt
where i s  t h e  l i f e t i m e  o f  t h e  t r i p l e t  s t a t e .
The f i n a l  r a t e  e q u a t i o n  i s
Nq + N]_ + = ^ t o t  ~ c o n s t a n t .  (9)
The p h o to n  t r a n s p o r t  e q u a t i o n s  ( 5 , 6 )  and t h e  p o p u l a t i o n  r a t e  e q u a t i o n s  
( 7 , 8 , 9 )  c o n s t i t u t e  t h e  b a s i c  e q u a t i o n s  o f  t h e  dye l a s e r  medium.
We now c o n s i d e r  a l a s e r  c a v i t y  w i t h  a n o n l i n e a r  e l e m e n t ,  such  a s  a 
ha rm onic  g e n e r a t o r ,  w i t h i n  t h e  c a v i t y .  The o u t p u t  c o u p l i n g  i s  g i v e n  by
Tz = (10)
where I 2 i s  t h e  one way second  ha rm on ic  power g e n e r a t e d  a f t e r  the  
f u n d am e n ta l  r a d i a t i o n  o f  power I^'*' p a s s e s  t h r o u g h  t h e  c r y s t a l .  The
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fundam e n ta l  power i s  assumed to  be  c o n s t a n t  t h r o u g h o u t  t h e  c r y s t a l  i n  
c a l c u l a t i n g  t h e  g e n e r a t e d  ha rm on ic  power b u t  t h e  power g e n e r a t e d  a t  
t h e  harm onic  f r e q u e n c y  i s  l o s t  t o  t h e  c a v i t y .  The n o n l i n e a r  c r y s t a l  i s  
assumed t o  p r e s e n t  b u l k  a b s o r p t i o n  t o  t h e  f undam e n ta l  l a s e r  beam w i t h  an  4
a b s o r p t i o n  c o e f f i c i e n t  6%. A b s o r p t i o n  a t  t h e  second  ha rmon ic  i s  n e g l e c t e d .  ^
In  a d d i t i o n  to  t h e  l o s s  p r e s e n t e d  by c r y s t a l  a b s o r p t i o n  t h e r e  w i l l  be 
r e s i d u a l  l o s s  which i n c l u d e s  m i r r o r  d i f f r a c t i o n  l o s s e s ,  s c a t t e r i n g  i n  
t h e  dye and from m i r r o r s ,  windows e t c .  The f r a c t i o n a l  a t t e n u a t i o n  i n  a 
one-way p a s s  which  i n c l u d e s  b o t h  l i n e a r  and n o n l i n e a r  l o s s e s  i s  
I
A “ = 1 -  T2 ~ -  6% L (11)
i
The g a i n  o f  t h e  l a s e r  medium i n  a o n e - p a s s  i n  t h e  a b s e n c e  o f  l o s s e s  i s  
d e f i n e d  as
G = - Ü  (12)
where  i  and f  i n  e q u a t i o n s  i n d i c a t e  i n i t i a l  and f i n a l  v a l u e s .  Under 
s t e a d y - s t a t e  c o n d i t i o n s  we have
G = 1/A = (1 -  T2 -  &Q -  6% L)  ^ . (13)
The e q u a t i o n s  (5 -  9) can now be  s o lv e d  t o  o b t a i n  t h e  s t e a d y  s t a t e  
i n t r a c a v i t y  power and c o n s e q u e n t l y  t h e  ha rm on ic  o u t p u t  power.  The 
s o l u t i o n  o f  t h e s e  e q u a t i o n s  can  be  g r e a t l y  s i m p l i f i e d  i f  i t  i s  assumed 
t h a t  t h e  ground  s t a t e  a b s o r p t i o n  o f  t h e  l a s e r  r a d i a t i o n  i s  n e g l e c t e d  
(0^0 = 0 ) .  Th i s  i s  a r e a s o n a b l e  a s s u m p t io n  f o r  most  l a s e r  dyes ove r  t h e  
w a v e le n g th  r a n g e  o f  l a s e r  o p e r a t i o n ,  I n  t h i s  c a s e  t h e  e q u a t i o n s  (5 -  9) 
r e d u c e  to
«0 Ip  = Nl ( 1 /T i  + I ^ )  (14)
d i p / d x  = - I p  (dg° No + 0^1 Ni)  (15)
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where
and t h e  s o l u t i o n  t o  e q u a t i o n  (8) , Ft = N_ k  _ x , h a s  b e e n^  t  1 S t  t
u s e d .  E q u a t io n  (16) can  be s o l v e d  by r e w r i t i n g  i t  as
Combining t h i s  w i t h  (15) and i n t e g r a t i n g  th ro u g h  t h e  l e i jg th  
o f  t h e  dye t ,  we o b t a i n
^  k f J V f s ---------  (19)
b  i  "  ' ° a p  + %  %l/%o
On s u b s t i t u t i n g  f o r  N^/N^ from e q u a t i o n  (14) t h i s  r e d u c e s  t o
The q u a n t i t y  I^ can  be  shown t o  be  f a i r l y  c o n s t a n t  t h r o u g h o u t  
9t h e  t h i c k n e s s  t  and so t h i s  e q u a t i o n  g i v e s
° e f  . : t  1%/Is + Ip/ I l£n G   j- £n [  ] (21 )
1 + y i ^  y / I l
where
I s " "  = I I  (22)
I I ' "  = y  I I  (23)
and T = I  _ / I  . i s  t h e  t r a n s m i s s i o n  o f  t h e  dye a t  t h e  pump wave-p f  p i  J  sr sr
l e n g t h .  The t r a n s m i s s i o n  o f  t h e  pump beam can be  found  by f i r s t
i n t e g r a t i n g  e q u a t i o n s  (15) and (16)  t o  g iv e
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£ n T = - t N  (24)o ap 1 ap
£n G = t  (25)
where_ 1 t
N. = -i- /  N, dx (26)I t - '  1 o
i s  t h e  a v e r a g e  p o p u l a t i o n  o f  t h e  i ’ th  s t a t e  ove r  t h e  l e n g t h  o f  t h e  
a c t i v e  medium. The e q u a t i o n s  (24) and (25) can  be  used  t o  o b t a i n
a I
= -I \ o t  °ap (Y - I) y W  (27)
where
Y = (1 + «ap(°ap (23)
The f i r s t  t e r m  on t h e  r i g h t  hand  s i d e  o f  e q u a t i o n  (27) i s  t h e  
s m a l l  s i g n a l  t r a n s m i s s i o n  o f  t h e  pump beam assumed i n  most s im p le  
dye l a s e r  m odels .  The o t h e r  t e r m  i s  a c o r r e c t i o n  t e rm  due t o  t h e  
pumping o f  m o le c u le s  i n t o  t h e  e x c i t e d  s i n g l e t  s t a t e s  and has  t h e  
e f f e c t  o f  r e d u c i n g  t h e  dye t r a n s m i s s i o n .  However , t h i s  i n c r e a s e d  
pump a b s o r p t i o n  does n o t  r e s u l t  i n  g a i n ,  b u t  o n ly  i n  a  r a p i d  
c i r c u l a t i o n  o f  t h e  dye m o le c u le s  be tw e en  t h e  and s t a t e s .
S in c e  t h e  n o n l i n e a r  c o u p l i n g  T^ i s  a f u n c t i o n  o f  t h e  i n t r a c a v i t y  
l a s e r  power t h e  t r a n s m i s s i o n  i s  a l s o  d e p e n d e n t  on t h e  l a s e r  power.
U s ing  th e  e x p r e s s i o n  f o r  t h e  l a s e r  g a i n  (21) and dye t r a n s m i s s i o n  
(27) we can  now c a l c u l a t e  t h e  i n t r a c a v i t y  power and h ence  t h e  second
harm onic  power .  The e q u a t i o n  (21) can  be  r e w r i t t e n  as
a .
(1 + I ^ / I g  + T I p / I ^ ) G  "“P = 1 + I ^ / I ;  + I  / I ^  (29)
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S o lv in g  t h i s  e q u a t i o n  f o r  I^  and u s i n g  e q u a t i o n  (13) we ha v e
b  = Ip ^  ^  (3° )e e l
where
1/  1 ,
Q = [ 1  -  ~ L ] = G (31)
In e q u a t i o n  (30) t h e  f i r s t  t e r m  g i v e s  t h e  s l o p e  e f f i c i e n c y  w h i l e
t h e  second  t e rm  i n d i c a t e s  t h r e s h o l d .  When t h e  above e q u a t i o n s  a r e
1 1 expanded  f o r  a / a  ^ << 1 ,  T_ -  £ -  6- L «  1 and a . = 0 t h e yap e f  ' 2  o 1 a£
r e d u c e  t o  t h e  w e l l  known r e s u l t s  p r e s e n t e d  by Snave ly^^ ,  i e  
l£  = Ip + 6^ L) (1 ”  I )  "
A l though  t h e  r e s u l t s  (27 ,  30,  31) o f  t h e  above model a r e  somewhat 
more complex t h a n  s t a n d a r d  t h e o r e t i c a l  models  o f  dye l a s e r s  t h e r e  a r e  
v a r i o u s  ways i n  which  t h e  model can be  improved .  The m a jo r  m o d i f i c a t i o n  
which  can  be i n c l u d e d  i s  t h e  e x t e n s i o n  t o  i n c l u d e  t h e  G a u s s i a n  beam 
n a t u r e  o f  t h e  pump and l a s e r  l i g h t .  P i k e ^ ^ h a s  c o n s i d e r e d  t h i s  p rob lem  
f o r  a  s i m p l e r  dye l a s e r  model  and when t h e  a c t i v e  r e g i o n  i s  c o n f i n e d  
w i t h i n  a d i s t a n c e  l e s s  t h a n  c o n f o c a l  p a r a m e t e r s  o f  t h e  beam w a i s t s  
P i k e ’ s r e s u l t - i s
2a J q  t ^  hcTTW
( I  - 1)  (33)
where  y i s  t h e  r a t i o  o f  t h e  a r e a s  o f  t h e  dye l a s e r  and pump beams 
2TTW
; -------^  (34)
TTWP
The e q u a t i o n s  no l o n g e r  c o n t a i n  i n t e n s i t i e s  ( I ^ ,  I^ ) b u t  now i n c l u d e  th e  
c o r r e s p o n d i n g  powers (P^, P ) m easu red  i n  W a t t s .  We f o l l o w  Teschke  e t  a l 6
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i n  assum ing  t h a t  t h e  r e s u l t s  o f  P i k e  can  be s im ply  i n c l u d e d  i n  t h e  
e q u a t i o n  ( 3 0 ) .  A l though  t h e r e  i s  no p r o o f  t h a t  t h i s  a p p ro a c h  i s  v a l i d  
i n  t h e  model  i n c l u d i n g  e x c i t e d  s t a t e s , t h e  l i m i t i n g  forms s u g g e s t  t h a t  
t h e  e x p r e s s i o n s  a r e  r e a s o n a b l e  a s s u m p t io n s  i n  v iew  of  t h e  d i f f i c u l t y  
o f  i n c l u d i n g  them i n  a r i g o r o u s  m anne r .  The i n t r a c a v i t y  power c a n  be 
w r i t t e n
(36)
where
„ =  H  1 - . I Q.
/ ( I  + ; 2) Q -  I
and t h e  t h r e s h o l d  pump power i s
= B/n ' (37)
where
- ,  r  w 2 he
3 = v - t n r  (33)e I- 3-
The e q u a t i o n s  (35 -  38) c o n s t i t u t e  t h e  b a s i c  r e s u l t s  o f  t h e  dye l a s e r  
model .  We now s o l v e  them f o r  t h e  p a r t i c u l a r  c a s e  o f  i n t r a c a v i t y  ha rm on ic  
g e n e r a t i o n .
The second  ha rm on ic  power g e n e r a t e d  by a f u n d a m e n ta l  power P^ i s
g i v e n  by
?2 = K h L (39)
where  t h e  p a r a m e t e r s  have  be e n  d e f i n e d  i n  C h a p t e r  I I .  T h i s  e x p r e s s i o n  
i n c l u d e s  t h e r m a l  p h a s e  m is m a tc h in g  e f f e c t s  t h r o u g h  t h e  p a r a m e t e r  h ^ .
The n o n l i n e a r  c o u p l i n g  T2 = P 2 /P^  i s  i n s e r t e d  i n t o  t h e  e q u a t i o n  (27) t o  
g i v e  t h e  t r a n s m i s s i o n  o f  t h e  dye and e q u a t i o n  (31) to  g i v e  t h e  l a s e r  
g a i n .  These  e q u a t i o n s  a r e  f i n a l l y  s u b s t i t u t e d  i n t o  e q u a t i o n  (35) t o  
d e t e r m i n e  t h e  i n t r a c a v i t y  power.  Now both*T and Q a r e  d e p e n d e n t  on t h e  
i n t r a c a v i t y  power t h r o u g h  T2 and so t h e  s t e a d y  s t a t e  v a l u e  o f  the
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i n t r a c a v i t y  power h a s  to  be d e t e r m i n e d  by an  i t e r a t i v e  a p p ro a c h .
When t h e  i n t r a c a v i t y  power h a s  be e n  c a l c u l a t e d  i t  i s  e a s y  t o  c a l c u l a t e  
t h e  g e n e r a t e d  second  ha rm on ic  power u s i n g  e q u a t i o n  ( 3 9 ) .  A s im p le  
compute r  programme was d e v i s e d  to  p e r f o r m  t h i s  p r o c e d u r e  and t h e  r e s u l t s  
a r e  p r e s e n t e d  i n  s e c t i o n  I I I . 3 .
Our t h e o r e t i c a l  model  o f  t h e  dye l a s e r  i n c l u d e s  l i n e a r  a b s o r p t i o n  
i n  t h e  c r y s t a l  wh ich  g i v e s  r i s e  t o  s e v e r e l y  r e d u c e d  second  ha rm on ic  
g e n e r a t i o n  due t o  a t h e r m a l  e f f e c t .  The n o n r a d i a t i v e  p r o c e s s e s  i n  t h e  
l a s e r  dye c a n  a l s o  g i v e  r i s e  to  t h e r m a l  e f f e c t s  wh ich can  a f f e c t  t h e  
p e r fo rm a n c e  o f  t h e  l a s e r .
More t h a n  90% o f  t h e  pump r a d i a t i o n  i s  a b s o rb e d  by t h e  d y e .  Of
t h i s  a p p r o x i m a t e l y  25% goes  i n t o  n o n r a d i a t i v e  p r o c e s s e s  which g e n e r a t e  
11 12h e a t  * . T h i s  g i v e s  r i s e  t o  r e f r a c t i v e  i n d e x  i n h o m o g e n e i t i e s  i n  t h e
dye s o l v e n t  wh ich  can s e r i o u s l y  a f f e c t  t h e  o p e r a t i o n  o f  t h e  dye l a s e r .  
Even when t h e  dye  i s  swept  o u t  o f  t h e  pump beam r a p i d l y  a s  i n  t h e  c a s e
o f  j e t  s t r e a m  dye l a s e r ,  t h e  a b s o r p t i o n  can  c a u se  a s t i g m a t i s m  and o t h e r
11 12 . . 13 d e l e t e r i o u s  e f f e c t s  * . However ,  by s u i t a b l e  c h o i c e  o f  dye s o l v e n t  ,
f low  r a t e ,  and  c a v i t y  p a r a m e t e r s ,  t h e  th e r m a l  e f f e c t s  i n  t h e  dye j e t
s t r e a m  can  b e  m in i m i s e d .  We t h e r e f o r e  do n o t  c o n s i d e r  j e t  s t r e a m  t h e r m a l
e f f e c t s  i n  ou r  a n a l y s i s  o f  c a v i t y  p a r a m e t e r s  and assume t h a t  t hey  c a n  be
13e l i m i n a t e d  by s u i t a b l e  d e s i g n  o f  l a s e r  and c h o i c e  o f  dye  s o l v e n t  ' .
S ince  t h e r e  a r e  two c o u n t e r  p r o p a g a t i n g  beams i n  t h e  l a s e r  c a v i t y  
t h e  ha rm on ic  r a d i a t i o n  w i l l  be g e n e r a t e d  i n  b o t h  d i r e c t i o n s .  I t  i s  
p o s s i b l e  t o  enhance  t h e  second  ha rm o n ic  o u t p u t  by r e f l e c t i n g  t h e  
g e n e r a t e d  r a d i a t i o n  back  i n t o  t h e  c a v i t y  and t h r o u g h  t h e  c r y s t a l - s o  t h a t  
ha rm on ic  r a d i a t i o n  p r o p a g a t e s  i n  one d i r e c t i o n  and a l l  t h e  r a d i a t i o n  
c a n ,  i n  p r i n c i p l e  be  e x t r a c t e d  a s  d e s c r i b e d  i n  C h a p t e r  I .  However, 
a p a r t  f rom t h e  p r a c t i c a l  d i f f i c u l t i e s  o f  o b t a i n i n g  m i r r o r  c o a t i n g s
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which r e f l e c t  b o t h  t h e  f u n d a m e n ta l  and i t s  second  ha rm on ic  t h i s  method 
s u f f e r s  f rom t h e  f a c t  t h a t  i f  a c a n c e l l a t i o n  o f  t h e  harm onic  i s  n o t  
to  o c c u r  t h e  p h a s e  o f  t h e  g e n e r a t e d  ha rm onic  must be c a r e f u l l y  c o n t r o l l e d .  
T h i s  r e s u l t s  i n  t h e  s e p a r a t i o n  b e tw een  t h e  ha rm on ic  r e f l e c t i n g  m i r r o r  
and t h e  n o n l i n e a r  c r y s t a l  b e i n g  a  c r i t i c a l  q u a n t i t y .  We t h e r e f o r e  assume 
t h a t  t h e  r e s o n a t o r  m i r r o r s  a r e  t r a n s p a r e n t  to  t h e  ha rm on ic  r a d i a t i o n  and 
t h a t  i t  i s  e x t r a c t e d  i n  one  d i r e c t i o n  o n l y .
The t h e r m a l  e f f e c t s  i n  t h e  c r y s t a l  wh ich were d i s c u s s e d  e a r l i e r  a r e  
i n s e n s i t i v e  t o  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  o f  r a d i a t i o n  and when 
e v a l u a t i n g  t h e  g e n e r a t e d  ha rm on ic  power t h e  t o t a l  i n t r a c a v i t y  power 
p r o p a g a t i n g  i n  b o t h  d i r e c t i o n s  must  be  used  i n  t h e  c a l c u l a t i o n s .
I I I . 3 R e s u l t s
The r e s u l t s  o f  t h e  above  a n a l y s i s  a r e  now p r e s e n t e d .  A t t e n t i o n  i s  
r e s t r i c t e d  t o  t h e  c a s e  o f  a rhodam ine  6G dye l a s e r  w i t h  n o n - c r i t i c a l T y  
p h a s e -m a tc h ed  ADA (ammonium d i h y d r o g e n  a r s e n a t e )  c r y s t a l  i n s e r t e d  i n t o  
t h e  c a v i t y .  The e x t e n s i o n  t o  o t h e r  c r y s t a l s  and dyes  i s  a s im p le  m a t t e r  
p r o v id e d  s u f f i c i e n t  i n f o r m a t i o n  on t h e  r e l e v a n t  p a r a m e t e r s  i s  a v a i l a b l e .  
The a n a l y s i s  can  a l s o  i n c o r p o r a t e  t h e  c a s e  o f  c r i t i c a l l y  p h a s e -m a tc h ed  
c r y s t a l s  a l t h o u g h  t h e  depe ndenc e  o f  ha rm onic  g e n e r a t i o n  on c r y s t a l  l e n g t h  
i s  q u i t e  d i f f e r e n t  f rom t h e  n o n - c r i t i c a l l y  p h a s e -m a tc h ed  c a s e  due to  
w a l k - o f f  be tw een  t h e  f u n d a m e n ta l  and g e n e r a t e d  ha rm on ic  r a d i a t i o n .
The r e s u l t  i n  such a c a s e  i s  l i k e l y  t o  d i f f e r  s i g n i f i c a n t l y  f rom t h o s e  
on t h e  a s su m p t io n  o f  n o n - c r i t i c a l  p h a s e - m a t c h i n g .
Our f i n a l  a s s u m p t io n  i s  t h a t  t h e  l a s e r  c a v i t y  can  be c o n s t r u c t e d
t o  p r o v i d e  a f o c u s  i n  t h e  c r y s t a l  which i s  c l o s e  t o  t h e  opt imum c a l c u l a t e d
by Boyd and Kleinman (Ç = 2 , 8 4 ,  h = 1 ,068 )  t h e  d e t a i l s  o f  which  have
be e n  d i s c u s s e d  e a r l i e r  (C h a p te r  I I ) . The p a r a m e t e r  h  i s  n o t  a s t r o n g
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f u n c t i o n  o f  Ç and i n  mos t  c a s e s  o f  i n t e r e s t  t h e  f o c u s i n g  w i l l  be 
c l o s e  to  opt imum.
The v a l u e  o f  t h e  computed second  ha rmon ic  e f f i c i e n c y  (E = P^ /P^)  
a s  a f u n c t i o n  o f  c r y s t a l  l e n g t h  i s  shown i n  f i g u r e  3 ( a ) .  A pump power 
o f  low from a TEM^^ a rgon  i o n  l a s e r  o p e r a t i n g  a t  a w a v e l e n g t h  o f  514 nm 
has been  assumed.  The v a l u e s  o f  t h e  v a r i o u s  p a r a m e t e r s  u sed  a r e  as  shown 
i n  t h e  f i g u r e  c a p t i o n .  The e f f e c t  o f  n e g l e c t i n g  t h e r m a l  d e g r a d a t i o n  o f  
ha rm onic  g e n e r a t i o n  i s  shown i n  f i g u r e  3 ( c ) .  I t  can  be  s e en  v e r y  c l e a r l y  
t h a t  th e r m a l  e f f e c t s  must  be c o n s i d e r e d  when c a l c u l a t i n g  t h e  ha rm onic  
o u t p u t  and t h a t  d i s c r e p a n c i e s  become i n c r e a s i n g l y  l a r g e  a t  t h e  l o n g e r  
c r y s t a l  l e n g t h s .  Also  shown i n  f i g u r e  3 i s  t h e  ha rm onic  e f f i c i e n c y  when 
e x c i t e d  s t a t e  a b s o r p t i o n  by t h e  dye  i s  n o t  t a k e n  i n t o  a c c o u n t ;  t h e  
r e s u l t s  when t h e r m a l  e f f e c t s  a r e  i n c l u d e d  a r e  shown i n  f i g u r e  3 (b )  and 
when n o t  i n c l u d e d  a r e  shown i n  f i g u r e  3 ( d ) .  By compar ing  f i g u r e s  3 ( c )  and 
3 (d )  i t  can  be s e e n  t h a t  t h e  i n c l u s i o n  o f  e x c i t e d  s t a t e  a b s o r p t i o n  i s  
i m p o r t a n t  i n  d e t e r m i n i n g  t h e  h a rm on ic  e f f i c i e n c y  e s p e c i a l l y  a t  l o n g e r  
c r y s t a l  l e n g t h s  where t h e  c o u p l i n g  i s  i n c r e a s e d .  The i n c l u s i o n  o f  t h e r m a l  
e f f e c t s  i n  t h e  c r y s t a l  r e n d e r s  t h e  ha rm onic  e f f i c i e n c y  somewhat l e s s  
s e n s i t i v e  t o  e x c i t e d  s t a t e  a b s o r p t i o n  ( c f  f i g u r e s  3 ( a , b )  and 3 ( c , d ) ) .
Some p h y s i c a l  i n s i g h t  i n t o  t h e  r e s u l t s  o f  f i g u r e s  3 ( a )  and 3(b)  
can  be  g a in e d  by r e a l i s i n g  t h a t  when t h e  t h e r m a l  e f f e c t s  become s e r i o u s ,  
i e  f o r  l o n g  c r y s t a l s  o r  a h i g h  power ,  t h e  ha rm on ic  power s a t u r a t e s  and 
becomes l i n e a r  i n  i n t r a c a v i t y  power .  Th i s  l e a d s  t o  an e f f e c t i v e l y  f i x e d  
o u t p u t  c o u p l i n g  g i v e n  by
Tg = (n /2 )K h lP ^  (40)
Th i s  s i m p l i f i e s  t h e  a n a l y s i s  c o n s i d e r a b l y .  Wlien t h e  l a s e r  i s  w e l l  above 
t h e  t h r e s h o l d  t h e  ha rm on ic  e f f i c i e n c y  when e x c i t e d  s t a t e  a b s o r p t i o n  i s
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n e g l e c t e d  i s  o b t a i n e d  from e q u a t i o n  (33) a s
(a r h  )^ 2
= -  ' ' " ' p  - / T t i ; ; )
Using t h e  v a l u e  f o r  T2 g i v e n  by e q u a t i o n  (40) and t h e  same p a r a m e t e r s  
a s  b e f o r e ,  the  e f f i c i e n c y  as  a f u n c t i o n  o f  c r y s t a l  l e n g t h  i s  shown i n  
f i g u r e  3 ( f ) .  A s i m i l a r  p r o c e s s  can  be  used  i n  d e t e r m i n i n g  t h e  ha rm on ic  
e f f i c i e n c y  when e x c i t e d  s t a t e  a b s o r p t i o n  i s  i n c l u d e d ,  and t h e  r e s u l t  i s  
shown i n  f i g u r e  3 ( e ) .  For  long  c r y s t a l  l e n g t h s  t h e  t h e r m a l  e f f e c t s  
become more s e r i o u s  and t h e  c o n s t a n t  c o u p l i n g  i n d i c a t e d  by e q u a t i o n  (40) 
becomes a b e t t e r  a p p r o x i m a t i o n .  As can  be s e en  by compar ing  f i g u r e s  3 ( e )  
w i t h  3 ( a )  and 3 ( f )  w i t h  3 ( b ) , t h e  b e h a v io u r  p r e d i c t e d  by a c o n s t a n t  
ha rm on ic  c o u p l i n g  (40) c l o s e l y  a p p ro x im a te s  t h e  more r i g o r o u s  t r e a t m e n t  
o f  t h e r m a l  e f f e c t s  g i v e n  e a r l i e r .
For  a g i v e n  pump power t h e r e  i s  a maximum i n  t h e  second  ha rm onic  power 
w i th  r e s p e c t  to  c r y s t a l  l e n g t h .  The l e n g t h  a t  which  t h e  harmonic  power 
i s  maximised i s  d e s i g n a t e d  and i s  p l o t t e d  i n  f i g u r e  4 a s  a f u n c t i o n
o f  t h e  pump power when t h e  l i n e a r  l o s s  i s  = 5% and 6% = 0 .0 0 5  cmT^ 
as  b e f o r e .  I n  f i g u r e  4 ( a )  t h e  t h e r m a l  e f f e c t s  on t h e  c r y s t a l  and e x c i t e d  
s t a t e  a b s o r p t i o n  o f  t h e  dye have  b e e n  i n c l u d e d .  As can  be seen  i n  t h e  
f i g u r e , t h e  opt imum c r y s t a l  l e n g t h  i s  s t r o n g l y  d e p e n d e n t  on pumping power 
and i n c r e a s e s  r a p i d l y  i n  t h e  r e g i o n  o f  l a s e r  t h r e s h o l d .  As t h e  pump 
power i n c r e a s e s ,  t h e  t h e r m a l  e f f e c t s  b e g i n  to  s t r o n g l y  e f f e c t  t h e  ha rm on ic  
power and i t  soon becomes n e c e s s a r y  t o  r e d u c e  t h e  c r y s t a l  l e n g t h  t o  o f f s e t  
t h e  t h e rm a l  e f f e c t s  and m a i n t a i n  opt imum c o u p l i n g .  The r e s u l t s  o f  the  
model when e x c i t e d  s t a t e  a b s o r p t i o n  i s  n e g l e c t e d  i s  shown i n  f i g u r e  4 ( b ) .
As i n  f i g u r e  3 ,  t h e  d i f f e r e n c e  b e tw een  t h e  r e s u l t s  when e x c i t e d  s t a t e  
a b s o r p t i o n  i s  i n c l u d e d  and when n e g l e c t e d  i s  n o t  v e r y  g r e a t  and t h e r m a l  
e f f e c t s  a r e  m a i n ly  r e s p o n s i b l e  i n  d e t e r m i n i n g  t h e  optimum c r y s t a l  l e n g t h .  
When t h e  t h e r m a l  e f f e c t s  i n  t h e  c r y s t a l  a r e  n e g l e c t e d  t h e  r e s u l t  i s  shown
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i n  f i g u r e s  4(c)anc l  4 ( d )  which  a r e  based  on th e  i n c l u s i o n  o f  e x c i t e d  
s t a t e  a b s o r p t i o n  and i t s  n e g l e c t ,  r e s p e c t i v e l y .  As b e f o r e ,  t h e r e  i s  
a g a i n  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p r e d i c t e d  pe r f o r m a n c e  o f  the  
l a s e r  be tw een  t h e  two c a s e s .
I f  e x c i t e d  s t a t e  a b s o r p t i o n  and t h e r m a l  e f f e c t s  i n  t h e  n o n l i n e a r  
c r y s t a l  a r e  n e g l e c t e d  and i t  i s  assumed t h a t  t h e  l a s e r  i s  o p e r a t e d  
w e l l  above  t h r e s h o l d , t h e  ha rm onic  e f f i c i e n c y  i s  g i v e n  by e q u a t i o n  (41) 
and t h e  o u t p u t  c o u p l i n g  i s  g i v e n  by
T2 = KhLP (42)
On i n s e r t i n g  t h i s  v a l u e  f o r  T2 i n t o  e q u a t i o n  (41) and t h e n  s o l v i n g  
t h e  r e s u l t i n g  e q u a t i o n * s i m u l t a n e o u s l y  w i t h  e q u a t i o n  ( 3 9 ) ,  a v a l u e  f o r  
?2 can  be d e t e r m i n e d .
On d i f f e r e n t i a t i n g  t h e  e x p r e s s i o n  f o r  ?2 w i t h  r e s p e c t  t o  t h e  c r y s t a l  
l e n g t h  L and s e t t i n g  t h e  d i f f e r e n t i a l  to  z e ro  one  f i n d s  t h a t  t h e  maximum 
harm onic  o u t p u t  i s  g i v e n  a t  an  opt imum c r y s t a l  l e n g t h  where
^ o p t  "  Ô1 + 2gKh (43)
I f  Ô1 i s  s e t  e q u a l  t o  z e ro  i n  t h i s  e q u a t i o n  th e  r e s u l t  r e d u c e s  t o  t h a t  
2o f  Smith . IVhen t h e  v a l u e s  a p p r o p r i a t e  t o  a  Rhodamine 6G dye and ADA 
c r y s t a l  c o m b i n a t i o n ,  ( i e  g = 2.5W and Kh = 1 .6  x 10” ^ cm”  ^ ( a r e  
i n s e r t e d  i n t o  e q u a t i o n  ( 4 3 ) ,  i t  a p p e a r s  t h a t  t h e  v a l u e  o f  6% d o m ina te s  2gKh 
u n l e s s  t h e  c r y s t a l  a b s o r p t i o n , 6% i s  much l e s s  t h a n  10~^cm” ^ . Va lues  o f  5^ a t e  
t y p i c a l l y  i n  t h e  r a n g e  10~^ -  10~^ cm"'^ and i t  i s  t h e r e f o r e  c l e a r  t h a t  , i n  
an i n t r a c a v i t y  f r e q u e n c y  dou b led  dye l a s e r  t h e  c r y s t a l  a b s o r p t i o n  p l a y s  
a m ajo r  r o l e  i n  d e t e r m i n i n g  t h e  optimum o u t p u t  c o u p l i n g  q u i t e  a p a r t  f rom 
t h e  t h e r m a l  e f f e c t s  which c r y s t a l  a b s o r p t i o n  i n v a r i a b l y  i n t r o d u c e s .
The optimum l e n g t h  deduced u s i n g  e q u a t i o n  (43) i s  i n d i c a t e d  i n  f i g u r e  4 ( e ) .
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As may be e x p e c t e d ,  t h e  opt imum l e n g t h  p r e d i c t e d  by e q u a t i o n  (43) 
i s  a lways g r e a t e r  t h a n  t h e  opt imum l e n g t h  when t h e r m a l  e f f e c t s  a r e  
i n c l u d e d .
T h i s  i s  t h e  c r u x  o f  t h e  r e s u l t s  o f  t h i s  a n a l y s i s .  The a l l o w a n c e  
f o r  c r y s t a l  a b s o r p t i o n  g r e a t l y  r e d u c e s  t h e  optimum o u t p u t  c o u p l i n g  o f  
a  second  ha rm onic  dye l a s e r  even  when t h e r m a l  e f f e c t s  a r e  n o t  i n c l u d e d .  
When t h e r m a l  e f f e c t s  a r e  i n c l u d e d ,  t h e  r e d u c t i o n  i n  opt imum c o u p l i n g  i s  
s e v e r e  a n d , a t  pump powers  b a r e l y  i n  e x c es s  o f  t h r e s h o l d , t h e  optimum 
c o u p l i n g  a c t u a l l y  d e c r e a s e s  w i t h  pumping power.  When t h e r m a l  e f f e c t s  i n  
t h e  c r y s t a l  a r e  i n c l u d e d  t h e  o u t p u t  c o u p l i n g  i s  r ed u c e d  to  such  a l e v e l  
t h a t  e x c i t e d  s t a t e  a b s o r p t i o n  i n  t h e  dye does  n o t  have  a p a r t i c u l a r l y  
s e r i o u s  e f f e c t .
We now e x p l o r e  t h e  opt imum c r y s t a l  l e n g t h  and maximum ha rmonic  
power a s  a  f u n c t i o n  o f  pump power f o r  a r a n g e  o f  c a v i t y  l i n e a r  l o s s e s  
and c r y s t a l  a b s o r p t i o n s .  The r e s u l t s  p r e s e n t e d  a r e  b a sed  on t h e  model 
i n c l u d i n g  b o t h  t h e r m a l  e f f e c t s  and e x c i t e d  s t a t e  a b s o r p t i o n .  In  
f i g u r e  5 ( a )  t h e  opt imum c r y s t a l  l e n g t h  i s  p l o t t e d  as  a f u n c t i o n  o f  pump 
power f o r  a  v a r i e t y  o f  l i n e a r  l o s s e s  & be tw een  1 and 9 p e r  c e n t  b u t  
w i t h  a f i x e d  c r y s t a l  a b s o r p t i o n  o f  6i o f  0 .0 0 5  cm~l. I n  f i g u r e  5 (b )  t h e  
c o r r e s p o n d i n g  e f f i c i e n c i e s  o f  ha rm on ic  g e n e r a t i o n  a r e  p l o t t e d .
From f i g u r e s  5 ( a , b )  i t  can  be  s e en  t h a t  l i n e a r  l o s s  m a n i f e s t s  i t s e l f  
i n  two i m p o r t a n t  ways .  F i r s t l y ,  t h e  opt imum c r y s t a l  l e n g t h  i s  s e n s i t i v e  
t o  l i n e a r  l o s s .  T h i s  i s  b e c a u s e  a d e c r e a s i n g  l o s s  l e a d s  to  a h i g h e r  
c i r c u l a t i n g  f i e l d  and t h e  o n s e t  o f  t h e r m a l  e f f e c t s  t a k e s  p l a c e  a t  
s h o r t e r  c r y s t a l  l e n g t h s .  S e c o n d ly ,  a s  can  be  s e e n  i n  f i g u r e  5 ( b ) ,  even  a t  
t h e s e  s h o r t e r  c r y s t a l  l e n g t h s ,  t h e  e f f i c i e n c y  o f  c o n v e r s i o n  i n c r e a s e s  
r a p i d l y  w i t h  d e c r e a s i n g  l i n e a r  l o s s .  The s a t u r a t i o n  o f  opt imum c o n v e r s i o n
:
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e f f i c i e n c y  w i t h  i n c r e a s i n g  pump power shown i n  f i g u r e  5 (b )  i s  due to  
t h e  o n s e t  o f  t h e r m a l  e f f e c t s  ch a n g in g  t h e  o u t p u t  c o u p l i n g  from b e in g  
l i n e a r l y  d e p e n d e n t  on c i r c u l a t i n g  f i e l d  t o  b e i n g  i n d e p e n d e n t  of  
c i r c u l a t i n g  f i e l d .
I n  f i g u r e  6 ( a )  t h e  opt imum c r y s t a l  l e n g t h  i s  p l o t t e d  as  a f u n c t i o n
of  pump power f o r  a v a r i e t y  o f  c r y s t a l  a b s o r p t i o n s  be tw een
2 .5  X 10~3 cm~l and 10~2 cmT^ b u t  a t  a f i x e d  l i n e a r  l o s s  o f  Z = 0 . 0 5 .o
The c o r r e s p o n d i n g  ha rm onic  e f f i c i e n c y  i s  p l o t t e d  i n  f i g u r e  6 ( b ) .
The c h o ic e  o f  opt imum c r y s t a l  l e n g t h  i s  v e r y  s e n s i t i v e  t o  t h e  pumping 
power e s p e c i a l l y  a t  low c r y s t a l  a b s o r p t i o n s  and t h e  ha rm onic  e f f i c i e n c y  
i s  g r e a t l y  r e d u c e d  by t h e  a b s o r p t i o n ,
I I I . 4 C o n c lu s io n
I n  t h i s  c h a p t e r  we have  shown t h e  i m p o r ta n c e  o f  u s i n g  a r e a l i s t i c  
model i n  d e s i g n i n g  a ha rm on ic  l a s e r  f o r  maximum e f f i c i e n c y .  By 
i n c l u d i n g  th e r m a l  pha se  m is m a tc h ing  e f f e c t s  i n  t h e  c r y s t a l  and e x c i t e d  
s t a t e  a b s o r p t i o n  o f  t h e  dye  i n  t h e  model  t h e  b e h a v io u r  p r e d i c t e d  i s  q u i t e  
d i f f e r e n t  to  t h a t  b a s ed  on s i m p l e r  m o d e l s .  I n  o r d e r  t o  choose  a l e n g t h  
o f  c r y s t a l  f o r  optimum c o n v e r s i o n  e f f i c i e n c y  i t  i s  n e c e s s a r y  t o  measure  
o r  e s t i m a t e  i t s  a b s o r p t i o n  a t  t h e  fu n d am e n ta l  w a v e l e n g t h  and a l s o  t o  
know t h e  l i n e a r  l o s s  o f  t h e  l a s e r  c a v i t y .  I n  many c a s e s  t h i s  i n f o r m a t i o n  
w i l l  n o t  be  a v a i l a b l e  b u t  t h e  r e s u l t s  do show t h a t  i t  i s  n o t  a lways  
d e s i r a b l e  t o  u s e  a c r y s t a l  which  i s  as  long  as  p o s s i b l e  and t h a t  t h e  
e x p e c t e d  e f f i c i e n c y  may be much lower  t h a n  t h a t  p r e d i c t e d  by p r e v i o u s  
m ode l s .  However, i n  a l l  models  i t  i s  c l e a r  t h a t  c r y s t a l s  w i t h  v e r y  low 
a b s o r p t i o n  and c a v i t i e s  w i t h  v e r y  low l o s s e s  a r e  n e c e s s a r y  to  o b t a i n  
h i g h  ha rm on ic  e f f i c i e n c y .
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F i g u r e  1.  Schem at ic  en e rg y  l e v e l  d iag ra m  o f  a dye  m o le c u le .
S o l i d  l i n e s  i n d i c a t e  r a d i a t i v e  p r o c e s s e s , b r o k e n  
l i n e s  i n d i c a t e  n o n r a d i a t i v e  p r o c e s s e s .  S t i m u l a t e d  
e m i s s i o n ,  r e p r e s e n t e d  by c r o s s - s e c t i o n  0 o c c u rs  
b e tw een  t h e  Sj and S q m a n i f o l d s ,  ^
d ye crystal
F i g u r e  2. Geometry o f  t h e  l a s e r  c a v i t y  u sed  i n  t h e  c a l c u l a t i o n s .
E(%)
L(cm)
Fig. 3. Variation of second harmonic efficiency E  . witli crystal 
length. Linear loss of the cavity /q is 5 percent and absorption co­
efficient of crystal is 0.005 crn~^. A pump power of 10 W from a 
5145 A Ar* laser is assumed. Curve a is based on the assumption of 
excited-stale absorption cross section to pump radiation of crjp = 
1.75 X lO 'i*  cm^. Curve b is based on the assumption that a^p -  0. 
Curves c and d are similar to a and b, respectively, except that 
thermal effects in crystal have been neglected. Curves e and f  are 
based on assumption of fixed output coupling given by (6). Other 
parameters are: o°p = 1.53 X 10"*^ cm^, Of = 2.1X 10'^* cm^, 
V a i  ~  0.45 X 10"** cm*, T | = 5 X 10"^ s, k s t r t  -  0.08, = 1, w p  =
20 pm, /  = 0.05 cm, X = 610 nm. ;V = 4 .2  X 10*^ cm""^. Parameters 
o f  the crystal are, «7  = 2 X 10"^ W cm"* A '"*, [\dn2 jdt  -  dn iJdT\] = 
4 X 10"^K~KK h  = 1.6 X 10"4 W"* cm"*.










Fig. 4. Variation of optimum length Z,opt with pump power. Curve 
a is based on model including thermal effects but neglecting c.xcitcd- 
statc absorption. Curve d  neglects both excited-state absorption and 
. tliermal effects in the crystal. Curve c includes c.xcitcd-state absorp­
tion but neglects thermal effects whereas curve b includes both 
.excited states and thermal effects. The dotted line e indicates the 
optimum length calcuLitcd using (7). The parameters of the dye, 













Fig. 5. (a) Variation of optimum crystal length with pump power for 
model including thermal effects and excited states. Percentage linear 
loss of cavity for each curve shown in figure. Other parameters arc 
the same as in Fig. I. {b> Optimum second-harmonic eftlcicncy (L = 
J^opt) as a function of pump power at various values of linear loss 
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( b ) Pp(W)
Fig. 6. (a) Variation o f optimum crystal length with pump power at 
various values of crystal absorption 5 \ indicated in figure. This 
model includes thermal effects and excited state absorption. Other 
parameters arc the same as those used in Fig. 3. (b) Corresponding 
variation in optimum second harmonic efficiency (Z. “  Aopt) a t 
indicated values of crystal absorption.
CHAPTER IV 
COMA COMPENSATION IN OFF-AXIS 
LASER RESONATORS
A b s t r a c t
The o p t i c a l  a b e r r a t i o n s  o f  coma and a s t i g m a t i s m  
in t r o d u c e d  on f o c u s in g  i n t o  a  B re w s te r  a n g le d  c r y s t a l  a r e  
c a l c u l a t e d .  An o r i g i n a l  c a l c u l a t i o n  o f  th e  coma o f  a 
t i l t e d  i n t e r f a c e  and o f f - a x i s  m i r r o r  i s  g iv e n .  I t  i s  
d e m o n s t ra te d  t h a t  i t  i s  p o s s i b l e  to  com pensate  f o r  b o th  
coma and a s t i g m a t i s m  i f  th e  B re w s te r  a n g le d  c r y s t a l  
and o f f - a x i s  m i r r o r  a r e  o r i e n t a t e d  i n  a p a r t i c u l a r  m anner. 
W ith  t h i s  a r ra n g e m e n t  b o th  a b e r r a t i o n s  can  be e l i m i n a t e d  
f o r  a un ique  o f f - a x i s  a n g le  w hich  depends o n ly  on th e  
r e f r a c t i v e  in d e x  o f  t h e  c r y s t a l .  Some c a v i t y  d e s ig n s  f o r  
th e  co m p e n sa t io n  o f  coma and a s t i g m a t i s m  a r e  d i s c u s s e d .
IV.  1
I V . 1 I n t r o d u c t i o n
We have  shown i n  C h a p te r  I I I  t h a t  l i n e a r  l o s s e s  o f  t h e  l a s e r  
c a v i t y  must be k e p t  to  a  minimum to  e x t r a c t  th e  maximum seco n d  harm on ic  
power. C l e a r l y  p r e c a u t i o n s  must be  ta k e n  to  e l i m i n a t e  th e  F r e s n e l  
r e f l e c t i o n  l o s s e s  w hich  o c c u r  when a c r y s t a l  i s  i n s e r t e d  i n t o  a l a s e r  c a v i t y .  
S e v e r a l  methods e x i s t  f o r  d o ing  t h i s .  The m ost common method o f  r e d u c in g  
th e  r e f l e c t i o n  l o s s e s  i s  to  a n t i - r e f l e c t i o n  c o a t  t h e  s u r f a c e  o f  a p a i r  
o f  windows s e t  a g a i n s t  th e  c r y s t a l .  R e f l e c t i o n  l o s s e s  b e tw een  th e  c r y s t a l  
s u r f a c e  and th e  i n s i d e  s u r f a c e  o f  th e  window a r e  r ed u c e d  by p u t t i n g  an 
in d e x -m a tc h in g  f l u i d  be tw een  them. T h is  method works v e ry  s u c c e s s f u l l y  
when low a v e ra g e  powers a r e  i n c i d e n t  on th e  c r y s t a l  such  as  i n  a p u l s e d  
l a s e r  sy s te m . However,- o v e r  a p e r i o d  o f  s e v e r a l  days e x p o s u re  to  h ig h  
power l a s e r  r a d i a t i o n , th e  in d e x -m a tc h in g  f l u i d  becomes opaque to  th e  
g e n e r a te d  u l t r a v i o l e t .  T h is  r e s u l t s  i n  i n c r e a s e d  h e a t i n g  on th e  c r y s t a l  
s u r f a c e  and e v e n t u a l l y  to  c r y s t a l  damage. A n o th e r  t e c h n iq u e  f o r  r e d u c in g  
th e  r e f l e c t i o n  l o s s e s  i s  to  d i r e c t l y  a n t i - r e f l e c t i o n  c o a t  th e  c r y s t a l .
T h is  can be q u i t e  d i f f i c u l t  to  p e r fo rm  i n  p r a c t i c e  s i n c e  m ost n o n l i n e a r  
c r y s t a l s  a r e  w a te r  b a s e d ,  a r e  v e ry  s e n s i t i v e  to  r a p i d  t e m p e ra tu re  changes 
and have  to  be k e p t  a t  t e m p e r a tu r e s  l e s s  th a n  a b o u t  100°C. IVhen a n t i ­
r e f l e c t i o n  c o a t in g s  a r e  a p p l i e d  unde r  such  c o n d i t i o n s  th e y  te n d  to  be 
r a t h e r  s o f t ,  a b s o r b a n t  and s u s c e p t i b l e  to  o p t i c a l  damage.
The f i n a l  t e c h n iq u e  f o r  r e d u c in g  th e  r e f l e c t i o n  l o s s e s  i s  to  s e t  
th e  c r y s t a l  s u r f a c e s  a t  B r e w s t e r ' s  a n g le  to  th e  i n c i d e n t  l a s e r  beam.
T h is  e n a b le s  th e  c r y s t a l  to  be  u sed  i n  a c o m p le te ly  u n c o a te d  s t a t e  and 
f a i r l y  h ig h  i n t e n s i t i e s  can be w i t h s t o o d  i f  th e  c r y s t a l  s u r f a c e  i s  k e p t  
i n  good c o n d i t i o n .
I V . 2
A l l  o f  th e  methods m en t io n e d  above have t h e i r  d i s a d v a n ta g e s  and we 
d e c id e d  t h a t  s e t t i n g  th e  c r y s t a l  a t  B r e w s t e r ' s  a n g le  was th e  m ost 
s a t i s f a c g o r y  a r ra n g e m e n t  w here  h ig h  i n t r a c a v i t y  powers were e x p e c te d .
Having made t h i s  c h o ic e  s e v e r a l  p rob lem s a r i s e  from  f o c u s i n g  i n t o  a 
B re w s te r  a n g le d  o p t i c a l  e le m e n t .  The m ost s e r i o u s  o f  t h e s e  p rob lem s i s  th e  
o p t i c a l  a b e r r a t i o n s  o f  a s t i g m a t i s m  and coma. We s h a l l  d e s c r i b e  th e s e  
a b e r r a t i o n s  and show how th e y  can be  e l i m i n a t e d  by s u i t a b l e  o p t i c a l  d e s ig n .  
Some p r a c t i c a l  l a s e r  c a v i t i e s  f o r  e l i m i n a t i n g  t h e s e  a b e r r a t i o n s  a r e  th e n  
d i s c u s s e d ;  i n  p a r t i c u l a r , a  n o v e l  c a v i t y  a r ra n g e m e n t  has  b e e n  d e v e lo p e d  
to  e l i m i n a t e  b o th  coma and a s t i g m a t i s m .
I V .2 A s t ig m a t i c  Com pensation
A s t ig m a t i c  c o m p e n sa t io n  o f  l a s e r  c a v i t i e s  has  b e e n  d i s c u s s e d  by 
K o g e ln ik ,  Ip p e n ,  D ienes  and S hank .^  They have  shown t h a t  when a 
G a u ss ia n  beam i s  fo c u s e d  i n t o  a  B re w s te r  a n g le d  o p t i c a l  e le m e n t  t h e  
a s t i g m a t i s m  i n t r o d u c e d  can be  o f f s e t  by th e  a s t i g m a t i s m  o f  an o f f - a x i s  
s p h e r i c a l  m i r r o r .
5The a s t i g m a t i s m  o f  an  i n c l i n e d  p la n e  has  b een  c a l c u l a t e d  by Hanna 
u s in g  a H uygens ' c o n s t r u c t i o n  to  f i n d  th e  d i s c o n t in u o u s  change i n  
w a v e f ro n t  c u r v a t u r e  on i n s e r t i n g  th e  i n c l i n e d  i n t e r f a c e .  He h as  shown 
t h a t  th e  e f f e c t  o f  an i n c l i n e d  p l a t e  on th e  w a v e f ro n t  c u r v a t u r e  can be 
t r e a t e d  s e p a r a t e l y  i n  two p l a n e s ;  th e  t a n g e n t i a l  p l a n e  w h ich  c o n ta i n s  
th e  o p t i c a l  a x i s  and th e  o f f - a x i s  o b j e c t  p o i n t , a n d  th e  s a g i t t a l  p l a n e  
w hich c o n ta i n s  th e  p r i n c i p a l  r a y  and i s  p e r p e n d i c u l a r  to  t h e  t a n g e n t i a l  
p l a n e .  E f f e c t i v e  d i s t a n c e  w hich  r e p r e s e n t s  th e  d i s t a n c e  t h a t  a wave 
would have  to t r a v e l  i n  a i r  to  e x p e r i e n c e  th e  same change w a v e f ro n t  
c u r v a t u r e  as i n  g o ing  th ro u g h  th e  medium can  be c a l c u l a t e d  f o r  each  p l a n e .  
To w i t h i n  th e  p a r a x i a l  a p p ro x im a t io n  th e s e  e f f e c t i v e  d i s t a n c e s  when th e  
p l a t e  i s  a t  B re w s te r s  a n g le  can be w r i t t e n
IV.  3
dg = c ( y ' 2  + 1 ) (  / y ’ 2 (1)
dj. = t  ( p '2  + 1)^ / ; ' 4  (2)
w here and d^ a r e  t h e  e f f e c t i v e  d i s t a n c e s  i n  th e  s a g i t t a l  and  t a n g e n t i a l  
p l a n e s  r e s p e c t i v e l y ,  t  i s  th e  t h i c k n e s s  o f  th e  p l a t e  m easu red  p e r p e n d i c u l a r  
to  i t s  s u r f a c e  and y '  i s  th e  r e f r a c t i v e  in d e x  o f  th e  p l a t e .  I t  i s  
th e  d i f f e r e n c e  be tw een  t h e  e f f e c t i v e  d i s t a n c e s  d^ and d^ w hich g iv e s  
r i s e  to  th e  a s t i g m a t i s m  o f  an i n c l i n e d  p l a t e .
I f  an o f f - a x i s  m i r r o r  i s  used  to  fo cu s  i n t o  th e  e le m en t  th e
e f f e c t i v e  f o c a l  l e n g t h  can  be a s c r i b e d  to  th e  t a n g e n t i a l  and  s a g i t t a l
p l a n e s ,  g iv e n  by th e  w e l l  known r e s u l t
fg = f / c o s  I  (3)
f ^  = f  cos I  (4)
where f  i s  th e  a c t u a l  f o c a l  l e n g t h  o f  th e  m i r r o r  and I  i s  th e  a n g le
2o f  i n c i d e n c e  o f  th e  incom ing  beam on th e  m i r r o r .
I f  a beam i s  f o c u s e d  th ro u g h  a p l a t e  a t  B r e w s t e r ’ s a n g le  w i th  
an o f f - a x i s  m i r r o r  and b o th  th e  p l a t e  and th e  m i r r o r  a r e  t i l t e d  i n  
th e  same p l a n e , t h e  fo c u s  can be made f r e e  o f  a s t i g m a t i s m  p r o v id e d  t h a t  
th e  p a th  l e n g th  i n  th e  s a g i t t a l  p l a n e  i s  e q u a l  to  t h a t  i n  th e  t a n g e n t i a l  
p l a n e .  This  c o n d i t i o n  w i l l  be  s a t i s f i e d  i f
d s  -  d c  =  f s  -  f t
The c o n d i t i o n  (3) w i l l  be  s a t i s f i e d  when th e  m i r r o r  a n g le  i s  t i l t e d  
such  t h a t  th e  f o l l o w i n g  r e l a t i o n s h i p  i s  s a t i s f i e d
t ( y ’ 2 -  l ) ( y ’ 2 + l ) 2 / y ’ 4 -  f  g in  I  t a n  I  (6)
T h is  i s  th e  c o n d i t i o n  f o r  a s t i g m a t i c  c o m p e n sa t io n  i n  t h e  o v e r a l l  o p t i c a l  
s y s te m .^  I n  m ost sy s tem s  o f  i n t e r e s t , t h e  f o c a l  s p o t  w i l l  be  i n  t h e  c e n t r e  
o f  th e  o p t i c a l  e le m en t  a n d ,e v e n  i f  th e  above c o n d i t i o n  (6) i s  s a t i s f i e d  
t h e r e  w i l l  s t i l l  be  some r e s i d u a l  a s t i g m a t i s m  a t  th e  f o c u s .  I t  i s  
p o s s i b l e  to e l i m i n a t e  a s t i g m a t i s m  a t  th e  fo c u s  by th e  u se  o f  a seco n d  
o f f - a x i s  m i r r o r  a f t e r  th e  B re w s te r  a n g le d  e le m e n t .  The f i r s t  m i r r o r
IV .4
com pensa tes  the  a s t i g m a t i s m  in t r o d u c e d  i n  th e  f i r s t  h a l f  o f  th e  
e le m en t  and th e  second  m i r r o r  com pensa tes  th e  a s t i g m a t i s m  o f  th e  o t h e r  
h a l f .  The sy s tem  w i l l  t h e r e f o r e  be  a s t i g m a t i c a l l y  com pensa ted  b o th  
w i t h i n  th e  f o c a l  r e g io n  a n d  i n  t h e  com ple te  o p t i c a l  sy s te m . S u i t a b l e  
l a s e r  a r ra n g e m e n ts  f o r  a c c o m p l i s h in g  t h i s  c o n d i t i o n  w i l l  b e  d i s c u s s e d  
i n  s e c t i o n  I V .7
I V . 3 C a l c u l a t i o n  o f  Com atic  A b e r r a t i o n
L i t t l e  r e g a r d  h as  been  p a id  to  coma c o m p en sa t io n  i n  l a s e r  c a v i t i e s .
I n  c a v i t i e s  w here f o c u s in g  i s  r e q u i r e d  in  a f a i r l y  lo n g  B re w s te r  
a n g le d  o p t i c a l  e le m en t  coma can be  l a r g e  and g iv e  r i s e  to  a d e g ra d e d  
fo c u s  and i n c r e a s e d  l i n e a r  l o s s  o f  th e  c a v i t y .  We c a l c u l a t e  th e  
coma in t r o d u c e d  by f o c u s i n g  i n t o  a  t i l t e d  o p t i c a l  e le m e n t  i n  th e  
g e o m e t r i c a l  o p t i c s  l i m i t  and show how i t  can  be  e l i m i n a t e d  by s u i t a b l e
c h o ic e  o f  o f f - a x i s  s p h e r i c a l  m i r r o r .
The a p p ro a c h  to  c a l c u l a t i n g  th e  c o m a tic  a b e r r a t i o n  i s  to  f i r s t  
c a l c u l a t e  th e  c h a r a c t e r i s t i c  f u n c t i o n  ( o r  o p t i c a l  p a th  l e n g th )  by u se  
o f  F e rm a t ’ s p r i n c i p l e .  D e v ia t i o n s  o f  t h i s  f u n c t i o n  from  th e  p a r a x i a l  
l i m i t  a r e  i n t e r p r e t e d  a s  o p t i c a l  a b e r r a t i o n s , a n d  coma can be i d e n t i f i e d  a s  
t h e  m ost . s i g n i f i c a n t  o f  them f o r  th e  c a se s  we c o n s i d e r .
The a n a l y s i s  i s  l i m i t e d  to  a tw o -d im e n s io n a l  t r e a tm e n t  by con­
s i d e r i n g  o n ly  t a n g e n t i a l  r a y s .  I t  i s  w e l l  kno^m t h a t  to  f i r s t  o r d e r  th e
e l i m i n a t i o n  o f  t a n g e n t i a l  coma im p l ie s  th e  e l i m i n a t i o n  o f  s a g i t t a l
3coma. For th e  l a r g e  a n g le s  c o n s id e r e d  h e r e  t h i s  a p p ro x im a t io n  may  ^
n o t  be  s t r i c t l y  v a l i d  and h i g h e r  o r d e r  term s have  t o  be c o n s id e r e d .  
However, th e  added c o m p le x i ty  in v o lv e d  i n  such  an  a p p ro a c h  was 
c o n s id e r e d  to  be  n o t  re w a rd in g  a t  t h i s  s t a g e .  I t  i s  l i k e l y  t h a t  th e  
r e s u l t s  o b t a i n e d  w i l l  d e s c r i b e  a m in im is a t io n  o f  coma and t h a t  th e
h i g h e r  o r d e r  term s w i l l  o n ly  i n d i c a t e  how f a r  th e  minimum coma i s  from
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b e in g  i d e n t i c a l l y  z e ro .
I V .4 Comatic A b e r r a t io n  o f  an I n c l i n e d  P lane  I n t e r f a c e
A s c h e m a t ic  d iag ram  o f  a  fo c u s e d  beam i n c i d e n t  on a p la n e  
d i e l e c t r i c  i n t e r f a c e  be tw een  a i r  (y = 1) and a medium o f  r e f r a c t i v e  
in d e x  y ’ i s  shown i n  f i g u r e  1 . The p lh n e  i s  t i l t e d  a t  an a n g le  6 
to  ]the o p t i c a l  a x i s .  The a n g le  0 i s  ta k e n  to  be  p o s i t i v e  when th e  
d i r e c t i o n  o f  th e  norm al i s  o b t a i n e d  by a c lo c k w is e  r o t a t i o n  from th e  
o p t i c a l  a x i s  f o r  beam p r o p a g a t in g  from l e f t  to  r i g h t .  I n  g o in g  i n t o  
th e  m edium ,th é  o p t i c a l  a x i s  i s  t r a n s f e r r e d  to  an  a n g le  0 ’ to  th e  norm al 
to  th e  i n t e r f a c e  where 0 ’ i s  g iv e n  by
y ’ s i n  0 ’ = s i n  0 (7)
This  t r a n s f e r  o f  axes  s i m p l i f i e s  s u b s e q u e n t  m a n ip u la t io n  as th e  
c h a r a c t e r i s t i c  f u n c t i o n  can be expanded  a b o u t  t h e  c o n ju g a te  p o i n t s  
i n  th e  p a r a x i a l  a p p ro x im a t io n .
We c o n s id e r  o n ly  r a y s  p r o p a g a t in g  i n  t h e  s i n g l e  p la n e  
p e r p e n d i c u l a r  to  th e  norm al to  th e  i n t e r f a c e .  A g e n e r a l  r a y  c an  be  
d e f in e d  by i t s  p o i n t  o f  o r i g i n  on th e  X -a x is  w hich  i s  a t  a d i s t a n c e  S to  
th e  l e f t  o f  th e  i n t e r f a c e  (S i s  th e n  p o s i t i v e ) , and by th e  p o i n t  x j  
a t  w hich i t  c r o s s e s  the  X ^ - a x is ,  w here th e  X q -a x is  i s  a norm al drawn 
p e r p e n d i c u l a r  to  th e  o p t i c a l  a x i s  a t  i t s  p o i n t  o f  i n t e r s e c t i o n  w i th  
th e  i n t e r f a c e .  W ith in  th e  i n t e r f a c e  a ray  i s  l o c a t e d  a t  a  d i s t a n c e  x* 
a lo n g  th e  X ' - a x i s ,  w here th e  X’- a x i s  i s  a norm al drawn a t  a d i s t a n c e  
S ' - f r o m  t h e  i n t e r f a c e .  The d i s t a n c e  S '  i s  m easu red  a lo n g  th e  o p t i c a l  
a x i s  and i s  talcen as  a  p o s i t i v e  q u a n t i t y .
The p a th  l e n g t h  W m easu red  from  t h e  p o i n t  P to  P '  i s  g iv e n  by 
W = P P iP '  = (PP i + y 'P i P ' )  (8)
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o r  W = [ (x i  ~ x )^  + (S + K x%)2] ^
+ y ' [Cm xj -  x ' ) 2  + ( S '  -  L x i )2 ]   ^ (9)
where
K = t a n  0 (10)
L -  s i n  0 ' / c o s  0 (11)
M = cos 0 ' / c o s  0 (12)
The p a th  l e n g th  can now be  expanded to  term s o f  th e  o r d e r  (x /S )^  where 
i t  h a s  been  assumed t h a t  x ,  x j ,  x '  << S, S ' ,  to  g iv e
W = S + y 'S '  + (K -  y 'L )  x^ + (1 /2S  + M % y'/2S ')  x^^
+ x^ /2S  + y ' x ' 2 / 2 S '  -  xx jS  -  y 'M x 'x i / S '
+ (M fy 'L /2 S '2  -  K/2S%) x^^
-  (K/2S^) x jx ^  + ( y 'L / 2 S '2 )  x q x '^
+ (K/S^) x x i^  -  (y 'M L /S '^ )  x i^  Xj^ (13)
The o p t i c a l  r a y  PP^P ' can  now b e  d e te rm in e d  by t h e  a p p l i c a t i o n  o f  
F e r m a t 's  P r i n c i p l e ,  namely
= 0 (14)
to  g iv e
BW/axi = (K -  y 'L )  + (1 /S  + M % y'/S ')  x i
-  [ x /S  + ( y 'M /S ')  x ' ]  + X (M ^y 'L )2S '2  -  K/2S^] x%^
-  (K/2S%) x2 + ( y 'L /2 S 'Z )  x ' ^  + (2K/S2) x x i
-  (2 y 'M L /S '2 )  x ' x i  (15)
The ze ro  o r d e r  te rm  i n  e q u a t i o n  (15) i s  i d e n t i c a l l y  ze ro  b e c a u s e  o f  
e q u a t io n  (7) and a r i s e s  as a r e s u l t  o f  th e  s u i t a b l e  c h o ic e  o f  a x e s .
By e n s u r in g  t h a t  th e  f i r s t  o r d e r  te rm  i n  (x /S )  i s  z e ro  and t h a t  
(SW/Sxi) i s  in d e p e n d e n t  o f  x% th e  p a r a x i a l  im ag ing  c o n d i t i o n  w i l l  be  
s a t i s f i e d .  These two c o n d i t i o n s  f o r  p a r a x i a l  im ag ing  a r e  s a t i s f i e d  i f
(^ ^ S ' = -M fy 'S  = - y '  (— - | — )^S (16)cos 0
(1)%' . M X .  X (17)cos 0
and i d e n t i f i e s  th e  c o n ju g a t e  p o i n t s  P (x, S) and P ' ( x ' ,  S ' ) .
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The e x p a n s io n  to  t h i r d  o r d e r  i n  (x /S )  a b o u t  t h i s  p a r a x i a l  
s o l u t i o n  g iv e s  th e  a b e r r a t i o n  6 x ' , w hich i s  th e  d i s p la c e m e n t  from th e  
p o i n t ^ l ^ x '  g iv e n  by e q u a t i o n  (17) and m easured  a t  th e  p la n e  ( ^ ) s '  
g iv e n  by e q u a t io n  ( 1 6 ) ,  Thus, th e  image p o i n t  c o r r e s p o n d in g  to  an 
i n i t i a l  ra y  o r i g i n a t i n g  a t  P ( x ,S )  c a n ,  to  second  o r d e r ,  be  w r i t t e n
(2) , (1) , .  a ,x '  = X  + 6x
r n  (18)where 6 x '  << • x ’ .
I f  i t  i s  assumed t h a t  th e  i n i t i a l  r a y  i s  on a x i s  (x=0) and 
t h a t  i t  p a s s e s  th ro u g h  x%, th e n  on s u b s t i t u t i n g  e q u a t i o n  (18) i n t o  
e q u a t i o n  (15) and e n s u r i n g  t h a t  F e r m a t 's  P r i n c i p l e  i s  s a t i s f i e d  t o  
second o r d e r  g iv e s  a v a lu e  f o r  th e  a b e r r a t i o n  o f
ô x '  = -  ( 3 / 2 ) ( x i ^ / S )  [ (1 -  s i n ^ 0 / u ’ ^ ) ^ / c o s  8 ]
[ s i n  0 cos 0 / ( y ' ^  -  s in ^ 0 )  -  t a n  0 ] (19)
For  t h i s  ra y  th e  c h a r a c t e r i s t i c  f u n c t i o n  i s  th e n
W = S(1  -  y '2 ) / c o s ^ 8  + (1 /2 S ^ )[  s in 0  c o s 0 / ( y '^  -  s in ^ 0 )  -  t a n  0 ]
(xxi^  + xjx^ -  2x1^) (20)
T his  d e s c r i b e s  a coma ty p e  a b e r r a t i o n  w i th  th e  d i s p la c e m e n t  from  th e  
p a r a x i a l  c o n d i t i o n ,  6 x ' , b e in g  q u a d r a t i c  i n  x j .
When the  p l a t e  i s  i n c l i n e d  a t  B r e w s t e r ' s  a n g le  e q u a t io n  (19) 
r e d u c e s  to
6 k '  =  ( 3 / 2 ) ( x i Z / S )  u ' 2  ( 1  -  w ' - 4 )  ( 2 1 )
We now c o n s id e r  th e  c a se  o f  th e  coma in t r o d u c e d  by an  o f f - a x i s  
s p h e r i c a l  m i r r o r .
I V .5 Comatic A b e r r a t io n  o f  an O f f - a x i s  S p h e r ic a l  M ir ro r
A s c h e m a tic  d iag ram  o f  p a r a l l e l  l i g h t  i n c i d e n t  a t  an  a n g le  I  on a
s p h e r i c a l  m i r r o r  o f  r a d i u s  o f  c u r v a t u r e  R i s  shown i n  f i g u r e  2 . The
a n g le  I  i s  d e f in e d  as  b e in g  p o s i t i v e  when, f o r  l i g h t  i n c i d e n t  from l e f t
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to  r i g h t ,  th e  d i r e c t i o n  o f  th e  norm al i s  o b t a i n e d  by c lo c k w is e  r o t a t i o n  
from th e  i n c i d e n t  r a y .  A p a r t i c u l a r  r a y  can be  d e f i n e d  by th e  a n g le  6, 
w hich i s  the  h a l f  cingle be tw een  th e  norm al to  th e  ra y  a t  t h e  m i r r o r  and 
th e  norm al to  the  p r i n c i p a l  r a y  a t  th e  m i r r o r .  The g e n e r a l  p a t h  l e n g t h  
from a p o i n t  on t h e  w a v e f ro n t  o f  t h e  incom ing beam to  a p o i n t  P ’ on 
th e  X ' - a x i s  w hich  i s  a t  a d i s t a n c e  S ’ from  t h e  m i r r o r  i s  f i r s t  c a l c u l a t e d .
The l i n e  PO’ i n  f i g u r e  2 d e f i n e s  a w a v e f ro n t  o f  th e  i n c i d e n t  r a y s
and th e  o p t i c a l  p a th s  from  t h i s  w a v e f ro n t  to  t h e  p o i n t  P ' ,  r e l a t i v e  
to  t h a t  f o r  th e  a x i a l  r a y ,  i s  h e n c e  th e  d i s t a n c e  PP ’ -  0 0 ' .  Now 
th e  d i s t a n c e  0 0 ' i s  g iv e n  by
0 0 '  = 2R s i n  <S s i n  ( I  + Ô) (22)
and (P P ') ^  = (2 R s i n  5 s i n  ( 1 - 6 )  + S ' )
+ (2 R s i n  6 cos  ( 1 - 6 )  -  x ' ) (23)
o r  (P P ') ^  = 4 R^sin^6 + S ' + x '
+ 4 R s i n  6 [ S '  s i n  ( 1 - 6 )  -  x '  co s  ( I  -  6)] (24)
Combining e q u a t io n s  (22) and (24) we f i n d  t h a t
W = (P P ' — 0 0 ' )  = (4 R ^sin^6  + S ' ^ + x ' ^
+ 4 R s i n  6 [ S '  s i n  ( I  -  6) -  x '  cos ( I  -  6)] ) ^
-  2 R s i n  6 s i n  ( l  + 8) (25)
T h is  e x p r e s s io n  i s  now expanded  to  t h i r d  o r d e r  i n  6 and x '
( i e  6 ^ ,  x ' 6 ^  e t c )  to  g iv e
W = S '2  + x 'Z / 2 S '  + 2R cos I  [ ( R / s ' )  cos I  -  2]6%
-  ( 2 R / s ' )  cos I  x '6  -  ( 4 R ^ /S ')  s i n  I  cos I  [ ( R /S ' )  cos I  -  1] 6^ 
-  ( 2 R /S ')  s i n  I  [ 1 -  ( 2 R /S ')  cos I] x ' d ^  -  (R /S '2 )  s i n  I  x'%6 (26)
The o p t i c a l  r a y  i s  now d e te rm in e d  by  a p p l i c a t i o n  o f  F e r m a t 's  P r i n c i p l e ,  
namely (3W/36)gt = 0 (27)
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D i f f e r e n t i a t i n g  e q u a t i o n  (26) we o b t a i n
(3W/3Ô) = 4 R cos I  [ (R /S ')  cos I  -  2 ] 6
-  ( 2 R /S ')  cos I  x ’
-  (1 2 R 2 /S ')  s i n  I  cos I  [ ( R /S ' )  cos I  -  1] 6^
-  (4R /S ' )  s i n  I  [ 1 -  (2R/S')  cos I] x '6
-  ( R /S '2 )  s i n  I  x ' ^  (28)
s
F e r m a t 's  P r i n c i p l e  i s  s a t i s f i e d  to  f i r s t  o r d e r  i n  6 i f  th e  f o l l o w in g  «
c o n d i t i o n s  a r e  s a t i s f i e d
= (R/2)  cos  I  (29)
( 1)x'  = 0 (30)
These c o n d i t i o n s  d e f in e  th e  p a r a x i a l  image p o i n t  o f  a t i l t e d  m i r r o r .  %
As was done e a r l i e r  i n  t h e  c a s e  o f  a p l a n e  t i l t e d  i n t e r f a c e ,  th e  
d e v i a t i o n  from th e  p a r a x i a l  image c o n d i t i o n  can be o b t a i n e d  by sub­
s t i t u t i o n  o f  ^^^x ' = ^^^x '  + 6x ' i n t o  e q u a t io n  ( 2 8 ) ,  The d e v i a t i o n
i s  g iv e n  by
6x ' = -6R s i n  I  6^ (31)
w here 6x ' i s  m easu red  a lo n g  th e  x ' - a x i s  a t  a  d i s t a n c e  S' d e f in e d  by 
e q u a t io n  ( 2 9 ) .  The c h a r a c t e r i s t i c  f u n c t i o n  th e n  becomes
W = (R /2)  cos I  + 16R s i n  I  6^ (32)
A g a in ,  t h i s  d e s c r i b e s  a coma type  o f  a b e r r a t i o n .  We now go on to
show how a b e r r a t i o n s  o f  an i n c l i n e d  i n t e r f a c e  and  o f f - a x i s  s p h e r i c a l  
m i r r o r  a r e  combined and to  show how th e  c o m a tic  a b e r r a t i o n  can be 
e l i m i n a t e d .
I V .6 Combining O p t i c a l  A b e r r a t io n s
A s c h e m a t ic  d iag ram  o f  p a r a l l e l  l i g h t  i n c i d e n t  on an o f f - a x i s  ;5t
s p h e r i c a l  m i r r o r  and th e n  th ro u g h  a t i l t e d  i n t e r f a c e  i s  shown i n  f i g u r e  3.
The i n t e r f a c e  i s  assumed to  have  a t h i c k n e s s  t  m easu red  no rm al to  th e
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i n c l i n e d  f a c e  o f  t h e  medium. I t  i s  f u r t h e r  assumed t h a t  th e  p a r a x i a l  
focus  i s  l o c a t e d  i n  th e  c e n t r e  o f  t h e  medium g iv in g  th e  v a lu e  o f  S ’ 
to  be
S ’ = t / ( 2  cos 0 ’ ) (33)
I f  a r a y  i s  t r a c e d  th ro u g h  th e  sy s tem  i n  th e  p a r a x i a l  a p p ro x im a t io n  
we f i n d  from  (16) and (17) t h a t
S = -  t  c o s ^ 0 / ( 2  y ’ c o s ^ 0 ’ ) (34)
x% = 4SÔ “ [ 2 t  c o s ^ 0 / ( y '  c o s ^ 0 ’ )] 6 (35)
The t o t a l  coma 6 x ’ i n  th e  p a r a x i a l  f p c a l  p l a n e  w i t h i n  t h e  c r y s t a l  
i s  d e te rm in e d  by com bining  th e  c o n t r i b u t i o n  due to  t h e  o f f - a x i s  
m i r r o r  ( 3 1 ) ,  m a g n i f ie d  by th e  p a s s a g e  th ro u g h  th e  i n t e r f a c e  ( 1 7 ) ,  
w i th  t h a t  due to  th e  i n t e r f a c e  ( 1 9 ) .  By u s in g  e q u a t io n s  (34) and 
(35) above to  e l i m i n a t e  x% and S t h i s  g iv e s  a t o t a l  a b e r r a t i o n  o f
6x ’ » [ 6(1  -  s i n ^ 0 / y ’ ^ ) ^ / c o s  0 ] { [R  s i n  I  + 2 t  cos^0 /y*
3/2( 1  -  s i n ^ O / y ’ Z) ]
[ s i n  0 cos 0 / ( y ’ 2 -  s in ^ 0 )  -  t a n  0 ] }  6% (36)
I n  a s i m i l a r  way, t h e  a b e r r a t i o n  i n  th e  o p t i c a l  p a th  l e n g t h  can  be 
d e te rm in e d  from  (20) and (32) to  g iv e
3 / 2ÔW = -  16 {R s i n  I  + 2 t  c o s ^ 0 / y ( l  -  c o s ^ 0 / y '^ )
[ s i n  0 cos 0 / ( y ’ 2 -  s in ^ 0  -  t a n  0)] } 6^ (37)
When th e  i n t e r f a c e  i s  t i l t e d  a t  B r e w s te r ’ s a n g le  th e  above e q u a t io n s  
re d u c e  to
6x ' = - 6 y ’ [R  s i n  I  + 2 t  (1 + y ’ 2 ) ^ ( y ’ 4 -  l ) / y ’ ’^ ] 6^ (gg)
and
6W = 16 [R  s i n  I  + 2 t  ( y ’ ^ ~ l ) ( y ’ 2 + l ) 2 / y ’ 7]83 (39)
From th e s e  e q u a t io n s  i t  can be s e e n  t h a t  th e  a b e r r a t i o n s  can be 
e l i m i n a t e d  p ro v id e d
R s i n  I  = -  2 t  ( y ’ 4 -  l ) ( y ’ ^ + l ) ^ / y ’  ^ (40)
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The n e g a t i v e  s ig n  a p p e a r in g  i n  t h i s  e q u a t io n  d e s c r i b e s  t h e  f a c t  t h a t  coma can 
o n ly  be e l i m i n a t e d  when th e  a n g le s  Q and I  a r e  chosen  t o  be  o f  o p p o s i t e  s e n s e .
As drawn i n  f i g u r e  3 t h e  a n g le s  I  and 0 a r e  b o th  p o s i t i v e  and so coma would n o t  
be e l i m i n a t e d .
I n  t h e  above we have  shown t h a t  i t  i s  p o s s i b l e  to  a r r a n g e  an o p t i c a l  sy s tem  :| 
o f  a t i l t e d  p la n e  i n t e r f a c e  and o f f - a x i s  s p h e r i c a l  m i r r o r  su ch  t h a t  a fo c u s  can  
be  p ro v id e d  w i t h i n  th e  medium w h ich  i s  f r e e  o f  t a n g e n t i a l  coma. We s h a l l  go 
on to  show how t h i s  can  be  used  i n  a l a s e r  c a v i t y  and i n  a d d i t i o n  show how 
a s t i g m a t i s m  can  be e l i m i n a t e d ,
I V ,7 Some C a v i ty  D e s ig n s  f o r  E l i m i n a t i n g  A b e r r a t io n s
We now c o n s id e r  a number o f  l a s e r  c a v i t i e s  and show how th e  r e s u l t s  o f  th e  
p r e v io u s  s e c t i o n s  can  be  u sed  i n  d e s ig n s  w hich  e l i m i n a t e  a b e r r a t i o n s .  We need 
c o n s id e r  o n ly  t h e  c a s e  o f  a  s i n g l e  i n t r a c a v i t y  e le m en t  w i t h  t h e  l a s e r  mode 
fo c u s e d  i n t o  t h i s  e le m e n t .  S chem atic  d iag ram s  o f  a r ra n g e m e n ts  f o r  a c h ie v in g  an  t  
i n t r a c a v i t y  fo c u s  a r e  shown i n  f i g u r e  4 ,  I n  each  c a s e  i t  i s  assumed t h a t  a  
p a r a l l e l  f a c e d  e le m en t  i s  c e n t r e d  on t h e  fo c u s  and t h a t  th e  f a c e s  a r e  o r i e n t a t e d  i 
a t  B r e w s t e r ' s  a n g l e .  F o r  each  o f  t h e  a r ra n g e m e n ts  shown, t h e  e le m en t  can  s a t i s f y  i 
t h e s e  c o n d i t i o n s  f o r  two d i f f e r e n t  o r i e n t a t i o n s  w hich we d e s i g n a t e  A and B.
The two o r i e n t a t i o n s  a r e  shown i n  f i g u r e  5 ,
The a r ra n g e m e n t  shown i n  f i g u r e  4 (a)  i s  t h e  s t a n d a r d  a r ra n g e m e n t  d e s c r i b e d  i r |
K o ge ln ik  e t  a l ^  and i s  w id e ly  u se d  i n  c o n t in u o u s -w a v e  dye  l a s e r s .  The m i r r o r s I2 and 3 p ro d u ce  th e  f o c u s  o f  t h e  l a s e r  mode and m i r r o r  1 i s  e i t h e r  a s i n g l e  
m i r r o r  o r  an  e f f e c t i v e  m i r r o r  r e p r e s e n t i n g  more complex o p t i c a l  s t r u c t u r e s .  I n  4 
o r d e r  t h a t  t h e  t h e o r y  p r e s e n t e d  e a r l i e r  be  a c c u r a t e  i t  must b e  assumed t h a t  t h e  
r a d i i  o f  c u r v a t u r e  o f  m i r r o r s  2 and 3 a r e  much s m a l l e r  t h a n  t h a t  o f  m i r r o r  1 so  
t h a t  a q u a s i - c o l l i m a t e d  beam e x i s t s  i n  t h e  h o r i z o n t a l  arm o f  t h e  c a v i t y .
F ig u r e  4 ( b )  i s  a  s i m i l a r  a r ra n g e m e n t  t o  f i g u r e  4 ( a )  e x c e p t  t h a t  an 
e x t r a  arm h as  been  in t r o d u c e d  which makes t h e  c a v i t y  s y m m e tr ic a l  a b o u t  t h e  
c e n t r e  o f  t h e  e le m e n t .  F ig u r e  4 ( c )  i s  a n o th e r  a r r a n g e m e n t ,  s i m i l a r  
to  t h e  p r e v io u s  a r ra n g e m e n ts  e x c e p t  t h a t  th e  symmetry a x i s  h a s  been
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changed compared to  t h a t  o f  f i g u r e  4 ( b ) .  The c a v i t y  a r ra n g e m e n ts  shown 
i n  f i g u r e s  4 (b) and 4 (c)  have  been  s u g g e s te d  by J o h n s to n  and Runge^ 
who were co n c e rn e d  w i th  r e d u c in g  th e  a b e r r a t i o n s  i n  o f f - a x i s  r e s o n a t o r s .  
They s u g g e s t  t h a t  th e  a s t i g m a t i c  com pensa tion  i n  f i g u r e s  4 (b) and 4 ( c )  
a r e  an improvement on f i g u r e  4 (a)  b u t  t h a t  t h e  a r ra n g e m e n t  shown in  
f i g u r e  4 ( c )  i s  com pensa ted  f o r  c o m a tic  a b e r r a t i o n .  However th e y  d id  
n o t  e x p l i c i t l y  c o n s id e r  th e  coma in t r o d u c e d  by f o c u s in g  i n t o  a 
B re w s te r  a n g le d  i n t e r f a c e .  Ifhen t h i s  a b e r r a t i o n  i s  in c lu d e d  i n  th e  
a n a l y s i s  we c o n te n d  t h a t  a r ra n g e m e n t  o f  f i g u r e  4 ( c )  i s  n o t  coma
com pensated  and t h a t  th e  a r ra n g e m e n t  o f  f i g u r e  4 (b) i s  th e  o n ly  c a v i t y  o f
t h e s e  t h r e e  f o r  w hich  i t  i s  p o s s i b l e  to  s im u l ta n e o u s ly  e l i m i n a t e  b o th
coma and a s t i g m a t i s m  f o r  th e  o v e r a l l  c a v i t y  and w i t h i n  th e  e le m e n t .  We
now lo o k  a t  th e  c a v i t i e s  i n  more d e t a i l .
I n  t h e i r  p a p e r  d e s c r i b i n g  th e  p r o p e r t i e s  o f  th e  c a v i t y  shown i n  
F ig u re  4 ( a ) ,  K o g e ln ik  e t  a l ^  show how i t  i s  p o s s i b l e  to  r e n d e r  th e  whole 
c a v i t y  f r e e  o f  a s t i g m a t i s m  i n  th e  s e n s e  t h a t  a ra y  l e a v i n g  m i r r o r  1 w i l l  
have  no symptom o f  a s t ig m a t i s m  a f t e r  h av in g  p e rfo rm e d  a round t r i p  o f  
th e  c a v i t y .  However, t h e r e  w i l l  be  r e s i d u a l  a s t i g m a t i s m  w i t h i n  th e  
e lem en t  s in c e  a s t i g m a t i c  c o m p en sa t io n  h a s  n o t  b een  f u l l y  acco m p lish e d  
u n t i l  th e  r a y  h as  p r o p a g a te d  from  m i r r o r  2 , th ro u g h  th e  e le m en t  and 
back  to  th e  m i r r o r  2 a f t e r  r e f l e c t i o n  from  m i r r o r  3 . Coma 
com pensa tion  in  th e  c o m p le te  c a v i t y  can a l s o  be a c co m p lish e d  i n  t h i s  
a rra n g e m e n t  i n  th e  same s e n s e  as  a s t i g m a t i s m  can be com pensa ted .
K og n e ln ik  e t  a l ^  h av e  shown t h a t  th e  c o n d i t i o n  f o r  th e  
e l i m i n a t i o n  o f  a s t i g m a t i s m  i n  th e  o v e r a l l  c a v i t y  i s
R s i n  I  t a n  I  = 2 t ( y ’ ^ -  l ) ( y * ^  + l ) ^ / y * ^  (41)
T h is  c a v i t y  i s  a l s o  com pensa ted  f o r  coma i n  th e  o v e r a l l  c a v i t y  i f
R s i n  I  = 4 t ( y ' ^  -  l ) ( y * ^  + l ) ^ / y ’ ^ (42)
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H ere , the  coma i n t r o d u c e d  by th e  p a s s a g e  th rough  th e  w hole  B re w s te r  
a n g le d  e le m en t  i s  com pensa ted  by a r e f l e c t i o n  a t  a s i n g l e  o f f - a x i s  
m i r r o r .  A lthough  th e  o v e r a l l  c a v i t y  i s  coma c om pensa ted , t h e  f o c a l  
r e g io n  w i t h i n  th e  e le m e n t  w i l l  s t i l l  b e  deg rad ed  by th e  r e s i d u a l  coma 
i n  t h i s  r e g i o n .  Coma can o n ly  be  com pensated  when t h e  e le m en t  i s  H
o r i e n t e d  as  i n  A o f  f i g u r e  5 . I n  th e  a rra n g e m e n t  B th e  coma o f  th e  
e le m en t  and th e  o f f - a x i s  m i r r o r  w i l l  add .
The c a v i t y  a r ra n g e m e n t  shown i n  f i g u r e  4 (b) i s  an improvement 
on th e  p r e v io u s  a r ra n g e m e n t  s in c e  i t  i s  p o s s i b l e  to  a c h ie v e  th e  
e l i m i n a t i o n  o f  a s t i g m a t i s m  b o th  f o r  th e  o v e r a l l  c a v i t y  and w i t h i n  t h e  
e le m e n t .  The a s t ig m a t i s m  o f  o f f - a x i s  m i r r o r  2 a c t s  to  com pensa te  th e  
a s t ig m a t i s m  in t r o d u c e d  a t  th e  t i l t e d  i n t e r f a c e  a t  the- fo cu s  i n  th e  
c e n t r e  o f  th e  e l e m e n t .  The m i r r o r  3 i s  used  to  e l i m i n a t e  th e  
a s t i g m a t i s m  o f  th e  second  h a l f  o f  th e  e le m e n t .  The a s t i g m a t i s m  i s  
t h e r e f o r e  com pensated  b o th  o v e r a l l  and w i t h i n  t h e  e le m e n t  i r r e s p e c t i v e  
o f  w h e th e r  th e  c r y s t a l  o r i e n t a t i o n  i s  as  shown i n  A o r  B.
The c o n d i t i o n  f o r  a s t i g m a t i c  com pensa tion  o f  t h i s  a rra n g e m e n t  i s  
g iv en  by K o g e ln ik  e t  a l ^  as
R s i n  I  t a n  I  = t ( y ’ ^ -  l ) ( y ' %  + l ) * / y ' ^  (43)
When th e  e le m en t  i s  o r i e n t a t e d  as i n  A , th e  coma in t r o d u c e d  by 
o f f - a x i s  m i r r o r  2 i s  o f f s e t  by coma in t r o d u c e d  a t  th e  fo c u s  o f  th e  
beam i n  th e  c e n t r e  o f  th e  e le m e n t .  I n  a s i m i l a r  m anner th e  coma 
i n t r o d u c e d  by m i r r o r  3 and th e  second  h a l f  o f  th e  e le m e n t  a r e  i n  
o p p o s i t e  d i r e c t i o n s  and can  t h e r e f o r e  be e l i m i n a t e d .  T h is  c a v i t y  can  
t h e r e f o r e  be com pensa ted  f o r  coma and a s t ig m a t i s m  b o th  w i t h i n  th e  
e le m en t  and th ro u g h o u t  th e  c o m p le te  c a v i t y .  I f  th e  o r i e n t a t i o n  o f  t h e  %
e le m e n t  i s  as  shown i n  B , t h e  coma in t r o d u c e d  by th e  m i r r o r  2 and 3 
adds to  th e  coma o f  th e  c r y s t a l .  There  i s  t h e r e f o r e  a s i g n i f i c a n t  
improvement i n  th e  c a v i t y  a b e r r a t i o n s  i f  th e  c r y s t a l  i s  o r i e n t e d  as  in  
A as  opposed to  B .
•Ï
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The c o n d i t i o n  f o r  coma co m p en sa tio n  i n  o v e r a l l  c a v i t y  i s  g iv e n
R s i n  I  = 2 t ( y ' 4  _ l ) ( y ' %  + D ^ / y ' ?  (44)
w here i t  has  b een  assumed t h a t  t h e  r a d i u s  o f  c u r v a t u r e  o f  m i r r o r s  2 
and 3 a r e  b o th  e q u a l  to  R. When th e  e le m e n t  i s  c e n t r e d  on th e  f o c a l  
s p o t  w i t h i n  th e  c a v i t y  t h i s  c o n d i t i o n  a l s o  e n s u r e s  t h a t  coma w i l l  be  
e l i m i n a t e d  w i t h i n  th e  e le m e n t .
IThe c a v i t y  a r ra n g e m e n t  shown i n  F ig u r e  5 (c )  can  be used  to  
e l i m i n a t e  b o th  coma and a s t i g m a t i s m  o n ly  when t h e r e  i s  no e le m e n t  
i n  th e  fo cu s  be tw een  m i r r o r s  2 and 3 . I f  th e  e le m e n t  i s  c e n t r e d  on t h e  
f o c u s ,  a s t i g m a t i s m  can be e l i m i n a t e d  b o th  w i t h i n  t h e  e le m en t  and in  
th e  o v e r a l l  c a v i t y .  However, th e  coma in t r o d u c e d  by t h e  c r y s t a l  c a n n o t  
be e l i m i n a t e d  e i t h e r  w i t h i n  th e  e le m en t  o r  i n  t h e  o v e r a l l  c a v i t y .
The a b e r r a t i o n  p r o p e r t i e s  o f  th e  c a v i t y  a r ra n g e m e n ts  d i s c u s s e d  
above a r e  summ arized i n  t a b l e  1 . From th e  t a b l e  i t  i s  c l e a r  t h a t  when 
th e  e le m en t  i s  c o r r e c t l y  o r i e n t a t e d  t h e  a rra n g e m e n t  shown i n  f i g u r e  4 ( b )  
i s  s u p e r i o r  to  th e  o t h e r  a r ra n g e m e n ts  d i s c u s s e d  h e r e .  We now go on to  
c o n s id e r  th e  c o n d i t i o n s  f o r  e l i m i n a t i o n  o f  b o th  coma and a s t i g m a t i s m  
i n  t h i s  a r ra n g e m e n t .
From e q u a t io n s  (43) and (44) i t  can  be s e e n  t h a t  f o r  th e  
a r ra n g e m e n t  shoxm i n  f i g u r e  4 ( b )  coma and a s t i g m a t i s m  can  be 
s im u l ta n e o u s ly  e l i m i n a t e d  f o r  a  un ique  a n g le  o f  i n c i d e n c e  on th e  o f f -  
a x i s  m i r r o r  g iv e n  by
ta n  I ^  = y ' 3 / 2 ( y ' 2  + 1) - (45)
P ro v id e d  t h a t  th e  a n g le  I ^  i s  chosen  i n  a c c o rd a n c e  w i t h  e q u a t io n  (45), 
th e n  th e  su b s e q u e n t  c h o ic e  o f  r e m a in in g  p a ra m e te r s  to  e l i m i n a t e  one o f  
th e  a b e r r a t i o n s  w i l l  e n s u re  t h a t  th e  o t h e r  i s  e l i m i n a t e d .  The 
v a r i a t i o n  o f  I ^  w i th  th e  r e f r a c t i v e  in d e x  o f  th e  i n t r a c a v i t y  e le m en t  
i s  t a b u l a t e d  i n  t a b l e  2 ,
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F or  a n g le s  o f  i n c i d e n c e  as  l a r g e  as th o s e  i n d i c a t e d  i n  t a b l e  2 
t h e r e  i s  no a s s u r a n c e  t h a t  s a g i t t a l  coma w i l l  be  e l i m i n a t e d .
However, a f u l l  a c c o u n t  o f  t a n g e n t i a l  and s a g i t t a l  coma i s  too  complex 
to  go i n t o  h e r e .  The a n g le  I^  i s  l i k e l y  to  be  th e  a n g le  a t  w hich th e  
a b e r r a t i o n s  a r e  m in im ised  a l th o u g h  th ey  may n o t  be c o m p le te ly  
e l i m i n a t e d .
We now i n d i c a t e  th e  improvement i n  f o c u s in g  w hich can be g a in e d  
by c h o o s in g  th e  a n g le s  and o r i e n t a t i o n  c o r r e c t l y .  Suppose t h a t  t h e  
c a v i t y  i s  s e t  up such  t h a t  th e  e le m e n t  i s  i n  o r i e n t a t i o n  A, o f  f i g u r e  5, 
th e  a n g le  o f  i n c id e n c e  on th e  o f f - a x i s  m i r r o r  i s  I ^  and o t h e r  p a ra m e te r s  
a r e  chosen  so t h a t  a s t i g m a t i s m  i s  e l i m i n a t e d .  To a f i r s t  d e g re e  o f  
a p p ro x im a t io n  6 x ' w i l l  be  z e ro  a t  th e  beam f o c u s .  I f  th e  e le m e n t  i s  
i n  o r i e n t a t i o n  B th e  coma in t r o d u c e d  by th e  t i l t e d  i n t e r f a c e  and th e  
o f f - a x i s  m i r r o r  w i l l  be e q u a l  i n  s i z e  b u t  w i l l  add . The c o m atic  
d i s p la c e m e n t  i n  t h i s  c a s e  w i l l  be
6 x ’ = 12]j’ s i n  Ig^2  (46)
For  a  s m a l l  s p o t  s i z e  c a v i t y  o f  th e  ty p e  shown i n  f i g u r e  4(b)  t h e  
c o n fo c a l  p a ra m e te r  o f  th e  fo c u s e d  beam w i l l  be^
b ~ ( R / 2 ) 2 / d  (47)
w here d i s  th e  s e p a r a t i o n  b e tw een  m i r r o r s  1. and 2 , The f a r  f i e l d  * 
d i f f r a c t i o n  a n g le  i s  g iv e n  by 46 and may be w r i t t e n  i n  te rm s o f  th e  
c o n fo c a l  p a ra m e te r  as
9 A 26 = i ( " ^  (48)
This  g iv e s  th e  coma as
6 x ’ = ( 3 / tt) y X ( d / b ) ^  s i n  I^  (49)
Now th e  beam w a i s t  i n  th e  fo c u s  i s  g iv e n  by
w^ = (bA/2n)* (50)
Comparing th e  coma w i th  th e  f o c a l  s p o t  s i z e  we have
(6x '/W g) = 3y ’ (2Xd/irb^)  ^ s i n  I ^  ■ (51)
U sing  t y p i c a l  v a lu e s  f o r  t h e  p a r a m e te r s  (d = 50 cm, b = 1 cm, y ’ = 1 . 5 ,
I V , 16
X = 6 X 10""^cm) e q u a t io n  (51) g iv e s  a v a lu e  f o r  th e  r a t i o  (6 x '  /w ) of  6 x 10"%, 
A d e v i a t i o n  o f  t h i s  m ag n i tu d e  i s  l i k e l y  t o  i n t r o d u c e  a d i s t o r t i o n  o f  th e  
f o c a l  s p o t  and to  i n t r o d u c e  a c o n s i d e r a b l e  l i n e a r  l o s s  i n t o  th e  o v e r a l l  
c a v i t y .  I t  i s  t h e r e f o r e  im p o r ta n t  to  d e s ig n  th e  c a v i t y  to  m in im ise  
th e  a b e r r a t i o n s .
In  th e  f o r e g o in g  a n a l y s i s  a g e o m e t r i c a l  r a y  t r a c i n g  t r e a tm e n t  was
employed. This  a p p ro x im a t io n  i s  l i k e l y  to  be  v a l i d  when th e  beam
c o n fo c a l  p a ra m e te r  i s  much s m a l l e r  th a n  th e  c r y s t a l  t h i c k n e s s  o r  m i r r o r  
r a d i i .  I n  many c a s e s  o f  p r a c t i c a l  i n t e r e s t  o p t i c a l  e le m e n ts  o f  a 
t h i c k n e s s  com parab le  to  th e  c o n fo c a l  p a ra m e te r  a r e  u s e d .  When t h i s  i s  so,
th e  g e o m e t r i c a l  ap p ro a c h  i s  no lo n g e r  v a l i d  and a f u l l  G a u ss ia n  beam
t r e a tm e n t  i s  r e q u i r e d  i n  d e te r m in in g  th e  a b e r r a t i o n s .
Some i n d i c a t i o n  o f  th e  k in d  o f  r e s u l t  which c o u ld  be  e x p e c te d  i n
a f u l l  a n a l y s i s  can be  o b t a i n e d  by c o n s id e r in g  th e  fo c u s e d  G a u ss ia n
beam. The f a r  f i e l d  d i f f r a c t i o n  a n g le  i s  6 and f o r  a g e n e r a l  p o i n t  z
from  th e  beam w a i s t  th e  d i f f r a c t i o n  a n g le  i s
S(z)  = w ( z ) / R ( z )  (52)
w here w(z)  i s  th e  s p o t  s i z e  and R i s  th e  r a d i u s  o f  c u r v a t u r e  o f  t h e
w a v e f ro n t  m easured  a t  a d i s t a n c e  z and  a r e  g iv e n  by
w^(z) = w^^ [ 1 + (Xz/nWg2)2 ] (53)
R(z) = z [ ttw^ / X z)^]  (54)
The a n g le  o f  d i f f r a c t i o n  i s  t h e r e f o r e  g iv e n  by
5(z)  = (2w / b)  [ 1  + ( b / 2 z ) 2 ] 2 [ l  + b /2 z ) ^ ]   ^ (55)o
w here b = 27tw^ /X .  The f i r s t  te rm  on th e  r i g h t  hand  s i d e  o f  e q u a t i o n  
(55) i s  th e  f a r  f i e l d  d i f f r a c t i o n  a n g le  and th e  o t h e r  term s d e s c r i b e  t h e  
G a u ss ia n  beam m o d i f i c a t i o n s .  F o r  d i s t a n c e s  o f  th e  o r d e r  o f  th e  beam 
w a i s t  th e  a n g le  becomes a f u n c t i o n  o f  d i s t a n c e  and i s  r e d u c e d  from  i t s  
f a r  f i e l d  v a lu e ,  tvhen z = b th e  v a lu e  o f  6 i s  re d u c e d  to  6(b)  = 0 . 9 6 .
T his  s u g g e s t s  t h a t  th e  coma i n  th e  v i c i n i t y  o f  th e  fo c u s  w i l l  be somewhat
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r e d u c e d  when th e  beam i s  i n c i d e n t  on an e le m en t  whose t h ic k n e s s  i s  
com parable  to  th e  c o n fo c a l  p a ra m e te r  o f  th e  beam. The o v e r a l l  p rob lem  
i s  q u i t e  d i f f i c u l t  s i n c e  th e  a n g le  6 does v a ry  w i th  d i s t a n c e  th ro u g h  
th e  e le m e n t .  H ow ever .the  v a r i a t i o n  from th e  g e o m e t r i c a l  t r e a tm e n t  
w i l l  n o t  be v e ry  l a r g e  u n t i l  an ex trem e  G a u ss ia n  r e g i o n  i s  e n c o u n te re d ,
I V .8 C o n c lu s io n
We have shown how to  d e a l  w i th  th e  com a tic  a b e r r a t i o n  i n t r o d u c e d  
when l i g h t  i s  fo c u s e d  i n t o  a t i l t e d  i n t e r f a c e  i n  t h e  g e o m e t r i c a l  
o p t i c s  a p p ro x im a t io n .  An o f f - a x i s  f o c u s in g  m i r r o r  i s  a l s o  t r e a t e d  in  
t h e  same a p p ro x im a t io n .  The r e s u l t  shows t h a t  c o m a t ic  a b e r r a t i o n  can 
be  e l i m i n a t e d  by s u i t a b l e  c h o ic e  o f  a n g le s  and t h i c k n e s s  o f  i n c l i n e d  
p l a t e .  The a p p l i c a t i o n  o f  such  a d e s ig n  to  th e  c a s e  o f  a l a s e r  
c a v i t y  w i th  f o c u s in g  i n t o  a B re w s te r  a n g le d  e le m en t  i s  t r e a t e d ,  A 
p a r t i c u l a r  c a v i t y  d e s ig n  i s  d e s c r i b e d  w hich e l i m i n a t e s  b o th  coma 
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T ab le  1; A b e r r a t i o n  c o m p en sa t io n s  p o s s i b l e  w i th
v a r i o u s  c a v i t y  d e s ig n s  i l l u s t r a t e d  i n  f i g u r e  5 . 
( / )  i n d i c a t e s  t h a t  com pensa tion  i s  p o s s i b l e ,
(x) i n d i c a t e s  t h a t  co m p en sa tio n  i s  n o t  p o s s i b l e .
a
i
y ’ 1 .1  1 .3  1 .5  1 .7  1 .9  2 .1
I  16 .7  2 2 . 2  2 7 .4  32 .2  36 .6  4 0 .6c o r r
(d e g re e s )
T ab le  2 : V a r i a t i o n  w i th  r e f r a c t i v e  in d e x  (y*) o f  th e  o f f - a x i s
a n g le  w hich  a l lo w s  s im u l ta n e o u s  com pensa tion  o f  
a s t i g m a t i s m  and coma.
optic axi  s
F ig u re  1 .  Geometry f o r  r a y  t r a c i n g  i n  t h e  c a s e  o f  a  t i l t e d  i n t e r f a c e .
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F ig u re  3. Geometry f o r  com bining  t i l t e d  i n t e r f a c e  and t i l t e d  concave  m i r r o r .
F ig u re  4 .  C a v i ty  d e s ig n s  f o r  a b e r r a t i o n  co m p e n sa t io n .
(a)  t h r e e  m i r r o r  c a v i t y  w i th  o f f - a x i s  f o c u s in g .
(b) f o u r  m i r r o r  c a v i t y  w i th  o f f - a x i s  f o c u s i n g .
(c)  f o u r  m i r r o r  c a v i t y  w i th  a s y m e t r i c a l  fo c u s in g ,
■I
F ig u re  5. Two p o s s i b l e  o r i e n t a t i o n s  o f  a B re w s te r  a n g le d  p l a t e ,
CHAPTER V 
EXPERIMENTAL DETAILS OF SOME
PROTOTYPE SECOND HARMONIC DYE LASERS 
A b s t r a c t
Two p r o t o t y p e  second  harm on ic  dye l a s e r s  a r e  d e s c r i b e d .
I n  th e  f i r s t  ADP was u se d  as  th e  f re q u e n c y  d o u b le r  and was 
p l a c e d  a t  th e  fo c u s  o f  th e  ’ lo o p '  shaped  c a v i t y  d e s c r i b e d  in  
C h a p te r  IV. W ith a m u l t i l i n e ,  m ultim ode  a rgon  l a s e r  pumping 
power o f  up to  20W th e  c o n t in u o u s  UV g e n e r a te d  power was 35mW.
The c o n v e r s io n  e f f i c i e n c y  was l i m i t e d  by th e  o n s e t  o f  t h e r m a l ly  
in d u c e d  p h a se  m ism atc h in g  i n  a c c o rd a n c e  w i th  th e  th e o ry  o u t l i n e d  
i n  C h a p te r  I I .  The peak  UV g e n e r a te d  power can  be  i n c r e a s e d  to  
85mW by chopp ing  th e  pump r a d i a t i o n  w i th  a low d u ty  c y c l e .  The 
l a s e r  c o u ld  be s t e p w is e  tu n e d  from  285nm to  315nm w i th  a l i n e -  
w id th  o f  0 . 02nm.
I n  th e  second  sys tem , a  c r y s t a l  o f  ADA was u sed  as th e  
f r e q u e n c y  d o u b le r ,  ADA can  be  90° phase  m atched  a t  rhodam ine 6G 
w a v e le n g th s  g i v in g  r i s e  to  a  UV beam o f  G a u s s ia n  i n t e n s i t y  
d i s t r i b u t i o n  and i n c r e a s e d  e f f i c i e n c y  o v e r  th e  ADP c r y s t a l .  The 
c a v i t y  a r ra n g e m e n t  was th e  Z -shaped  c a v i t y  w i th  t h e  c r y s t a l  o r i e n t e d  
a p p r o p r i a t e l y  f o r  a s t i g m a t i c  and coma c o m p e n sa t io n  as d e s c r i b e d  in  
C h a p te r  IV. G e n e ra te d  c o n t in u o u s  UV powers o f  up to  30mW o v e r  t h e  
ra n g e  292nm to  302nm have b een  o b ta in e d  w i th  a 4.5W s in g e  l i n e  TEM^^ 
a rgon  pump l a s e r .  The o u t p u t  power was found  to  b e  l i m i t e d  by th e rm a l  
l e n s i n g  e f f e c t s  i n  e i t h e r  t h e  dye j e t  o r  th e  c r y s t a l  a s  w e l l  as  by 
th e rm a l  p h a se  m ism a tc h in g .  The UV l a s e r  l i n e w i d t h  was 0.02nm b u t  
co u ld  be  re d u c e d  to  0 , 002nm by th e  i n c l u s i o n  o f  a t h i n  é t a l o n  i n  
th e  c a v i t y .
The g e n e r a t i o n  b an d w id th  a t  f i x e d  c r y s t a l  t e m p e ra tu re  and 
o r i e n t a t i o n  was found  to  be a b o u t  an o r d e r  o f  m ag n i tu d e  l e s s  f o r  
ADA th a n  f o r  ADP b e in g  o n ly  O.lnm FWHM f o r  ADA. A v a r i e t y  o f  
m ethods o f  e x te n d in g  t h i s  t u n in g  ran g e  w hich  have  b een  d e v e lo p e d  a r e  
th e n  d e s c r i b e d .  T uning  r a n g e s  o f  up to  3nm a t  a  l i n e w i d t h  o f  0.02mm
(Chapter  V A b s t r a c t  c o n t i n u e d )
and 2 nm a t  a  l i n e w i d t h  o f  0 .0 0 2  nm i n  a c o n t in u o u s  s c a n  have  been  
o b ta in e d  w i th  t h e s e  m eth o d s .
P roposed  im provem ents to  t h e  e x p e r im e n ta l  sy s tem s  a r e  
d e s c r i b e d .  A method o f  u s in g  th e  second  ha rm o n ic  c r y s t a l  as  
a m o d u la to r  w hich  can  t h e n  be  u s e d  to  lo c k  t o  l a s e r  f r e q u e n c y  to  
m axim ise UV g e n e r a t i o n  i s  d e s c r i b e d .  T h is  s h o u ld  a l lo w  an  even  
l a r g e r  c o n t in u o u s  t u n in g  r a n g e .
v . i
y . I I n t r o d u c t i o n
In  p r e v io u s  c h a p t e r s  we have  d e a l t  w i th  t h e  background  to  th e  
p r o d u c t io n  o f  t u n a b l e  UV by i n t r a c a v i t y  f r e q u e n c y  d o u b l in g .  We now 
d e s c r i b e  some e x p e r im e n ta l  a r ra n g e m e n ts  which have  been  u s e d .  The 
r e s u l t s  d i v i d e  i n t o  two c a t e g o r i e s .  The f i r s t  in v o lv e s  ADP as  t h e  
f r e q u e n c y  d o u b le r  i n  a ’ l o o p ’ shaped  c a v i t y  s i m i l a r  to  t h a t  d e s c r i b e d  
by Jo h n so n  and Runge^, The pump l a s e r  was an  a rg o n  io n  l a s e r  w i th  
h ig h ly  m ultim ode  s p a t i a l  o u t p u t  o p e r a t i n g  on a l l  l i n e s .  I n  t h e  second 
c a te g o r y  ADA i s  u se d  a s  t h e  f r e q u e n c y  d o u b le r  and th e  c a v i t y  has been  
a l t e r e d  so t h a t  coma and a s t i g m a t i s m  a r e  r e d u c e d .  A s i n g l e  l i n e ,
TEM^g a rg o n  io n  l a s e r  was u s e d  to  t e s t  t h i s  a r r a n g e m e n t .  F i n a l l y ,  
m ethods o f  tu n in g ,  t h e  l a s e r  o v e r  an  e x te n d e d  ra n g e  a r e  d e s c r i b e d ,
V.2 The Dye L a se r
In  t h e  e x p e r im e n ta l  s e t - u p  one  b a s i c  dye l a s e r  was u s e d .  T h is  was 
a 490 l a s e r  p roduced  by C o h e re n t  R a d i a t i o n .  I n  t h i s  l a s e r  a l l  th e  
com ponents a r e  mounted on a  2 ” i n v a r  ro d  m aking th e  sy s tem  s u f f i c i e n t l y  
v e r s a t i l e  to  i n c o r p o r a t e  f r e q u e n c y  d o u b l in g  c r y s t a l s .  The l a s e r  c a v i t y  comp 
r i s e d  o f . tw o  s p h e r i c a l  m i r r o r s , a n d  M g ,f ig  3 , w hich  fo c u s e d  th e  l a s e r  mode
i n t o  t h e  f lo w in g  dye  j e t  s t r e a m .  The m i r r o r s  w ere  o f  r a d i u s  o f  c u r v a t u r e  
M5 » 5 cm and = 7 .5  cm and w ere  s e t  a t  t h e  a n g le  w hich  com pensa ted  ‘j
t h e  a s t i g m a t i s m  in t r o d u c e d  when f o c u s in g  i n t o  t h e  j e t  a t  B r e w s t e r ' s  a n g l e .  !
The dye was R hodam ine6 G d i s s o l v e d  i n  e th y l e n e  g l y c o l  to  a b o u t  10 m o la r  
s o l u t i o n .  The pump l a s e r  was fo c u s e d  o n to  th e  j e t  th r o u g h  a 6 cm f o c a l  
l e n g t h  l e n s  w hich  was a n t i - r e f l e c t i o n  c o a te d  f o r  g r e e n  l i g h t  p roduced  
by th e  a rg o n  l a s e r .  The tu n in g  e le m en t  was a s e t  o f  t h r e e  b i r é f r i n g e n t  
q u a r t z  p l a t e s  s e t  a t  B r e w s t e r ' s  a n g le  a s  d e s c r i b e d  by Bloom . With a 
4% t r a n s m i t t i n g  o u t p u t  c o u p le r  t h e  dye  l a s e r  c o u ld  be  tu n ed  o v e r  th e  
r a n g e  570 nm t o  630 nm w i t h  a l i n e w i d t h  o f  a p p r o x im a te ly  0 ,0 5  nm.
a
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The m a j o r i t y  o f  e x p e r im e n ts  were p e rfo rm ed  u s in g  an  a rg o n  io n
l a s e r  w hich  was d e v e lo p e d  i n  t h i s  l a b o r a t o r y .  The l a s e r  was o f  th e
3 "fsegm ented m e ta l  d i s c h a r g e  tu b e  ty p e  d e s c r i b e d  by C o rn is h  and M a i t la n d  *;
and u se d  a p lasm a j e t  c a th o d e ^ .  The d i s c h a r g e  l e n g t h  was 2 .5  m and
th e  tu b e  b o re  was 4 mm. The d i s c h a r g e  c u r r e n t  was n o rm a l ly  i n  t h e  ç
r e g i o n  o f  lOOA. A lthough  t h i s  l a s e r  h a s  b een  shown t o  be  c a p a b le  o f  
up to  50W o u t p u t ( a l l  l i n e s ) t h e  norm al maximum l a s e r  o u t p u t  power 
u sed  i n  t h i s  work was a b o u t  20W. The l a s e r  o u t p u t  c o n ta in e d  many -I
t r a n s v e r s e  modes due  to  t h e  r e l a t i v e l y  l a r g e  b o re  o f  t h e  t u b e .  The
o u tp u t  c o u ld  be  re d u c e d  to  t h e  TEM^^ mode by i n c l u s i o n  o f  an  a p e r t u r e  ^
Si n s i d e  t h e  c a v i t y  b u t  o n ly  a t  t h e  expense  o f  c o n s i d e r a b l y  red u c e d  %
Âo u tp u t  pow er . |
The l a s e r  was powered by a c u r r e n t  s t a b i l i z e d  power s u p p ly  w hich
was a l s o  d e s ig n e d  and  d e v e lo p e d  i n  t h i s  l a b o r a t o r y .  The m ain  c u r r e n t
c o n t r o l  on th e  s u p p ly  was m a in ta in e d  by a t h y r i s t o r  b r i d g e .  The s p ik e s  
i n t r o d u c e d  when t h e  t h y r i s t o r s  s w i tc h  was p a r t i a l l y  sm othered  by 
i n d u c t o r s  and l a r g e  c a p a c i t o r s .  The f i n e  c u r r e n t  c o n t r o l  was o b t a in e d  
u s in g  a  bank o f  t r a n s i s t o r s  i n  s e r i e s  w i th  t h e  l a s e r  d i s c h a r g e .
A lth o u g h  t h e  c u r r e n t  was s t a b l e  to  a b o u t  1% f o r  t im e  s c a l e s  l o n g e r  
th a n  1 s e c  t h e r e  was c o n s i d e r a b l e  r e s i d u a l  r i p p l e  due to  t h e  t h r e e  
p h ase  m ains and c u r r e n t  s p ik e s  due to  t h y r i s t o r  s w i t c h i n g .  , These
c u r r e n t  f l u c t u a t i o n s  and m o d u la t i o n s ,  d i r e c t l y  a f f e c t e d  th e  l a s e r  ^
o u tp u t  power and i n t e n s i t y  m o d u la t io n s  i n  t h e  r e g i o n  o f  5% were q u i t e  
common. For m ost e x p e r im e n ts  t h i s  o u tp u t  was q u i t e  a d e q u a te .  However, 
f o r  e x p e r im e n ts  w here  h ig h  s t a b i l i t y  and good mode c o n t r o l  were 
im p o r ta n t  i t  was n e c e s s a r y  t o  u s e  an  a rg o n  l a s e r  d e s ig n e d  f o r  low er  
power o p e r a t i o n ,  w i th  s t a b i l i t y  f e a t u r e s  i n  m ind . T h is  was p a r t i c u l a r l y  ?■
t r u e  when s i n g l e  f r e q u e n c y  o p e r a t i o n  o f  t h e  dye  l a s e r  was r e q u i r e d ,
For t h i s  r e a s o n  a  com m erc ia l  a rg o n  io n  l a s e r  was u sed  t o  pump t h e  dye
V.3 I
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l a s e r  ( S p e c t r a - P h y s i c s  1 7 1 ) ,  The l a s e r  was c a p a b le  o f  p ro d u c in g  .%
6.5W a t  5 14 .5  nm i n  a s i n g l e  t r a n s v e r s e  mode. I t  a l s o  i n c o r p o r a t e d  a
l i g h t  s t a b i l i z a t i o n  f e a t u r e  w hich s t a b i l i z e d  th e  l a s e r  i n t e n s i t y  to
w i t h i n  0.5% from  DC up t o  20 kHz. T h is  i s  a c h ie v e d  by sam p lin g  th e  f
l a s e r  power o u tp u t  on a p h o t o - v o l t a i c  c e l l  and com paring  i t  w i th  a 
r e f e r e n c e  v o l t a g e  to  o b t a i n  an  e r r o r  s i g n a l .  T h is  e r r o r  s i g n a l  i s  t h e n  
a m p l i f i e d  and  u se d  to  c o n t r o l  t h e  l a s e r  p lasm a c u r r e n t .  The l a s e r  was 
p r i m a r i l y  used  i n  s i n g l e  f r e q u e n c y  e x p e r im e n ts  a l t h o u g h  i t  has  b een  u se d  
t o  i n v e s t i g a t e  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  second  harm on ic  l a s e r .
V.3 The F i r s t  P r o to t y p e  F requency  Doubled Dye L a s e r  (ADP c r y s t a l ;  
m u l t i l i n e  m ultim ode pump)
Î
!
I n  t h e  f i r s t  a t t e m p t  to  p ro d u ce  an  i n t r a c a v i t y  f r e q u e n c y  d o u b led  dye f
l a s e r  ADP was used  a s  t h e  f r e q u e n c y  d o u b l e r .  A lthough  ADP i s  n o t  90° 
p h a s e -m a tc h a b le  a t  Rhodamine 6G w a v e le n g th s  i t  was c h o se n  b e c a u s e  i t  i s  
t h e  m ost r e a d i l y  a v a i l a b l e  and c h e a p e s t  o f  t h e  n o n l i n e a r  c r y s t a l s  s u i t a b l e  
f o r  f r e q u e n c y  d o u b l in g  t h e  dye l a s e r .  The f i r s t  im p o r ta n t  c h o ic e  i n  
t h e  d e s ig n  o f  a f r e q u e n c y  d o u b led  dye  l a s e r  i s  t h e  c h o ic e  o f  c r y s t a l  
l e n g t h .  T h is  p a r t  o f  t h e  work was done b e f o r e  t h e  im p o r ta n c e  o f  th e rm a l  
p h ase  m ism atch in g  e f f e c t s  was r e a l i s e d .  In  f a c t ,  i t  was t h e  r e s u l t s  o f  ^
t h e s e  e a r l y  e x p e r im e n ts  w hich  l e d  us to  t h e  c o n c lu s i o n  t h a t  th e rm a l  
e f f e c t s  a r e  v e ry  im p o r ta n t  i n  a  s u c c e s s f u l  l a s e r  d e s i g n .  The c h o ic e  o f  
c r y s t a l  l e n g t h  was b ased  p r i m a r i l y  on th e  need  to  keep  a s t i g m a t i c  
c o m p e n sa t io n  a n g le s  sm a l l  s i n c e  h i g h e r  o r d e r  a b e r r a t i o n s  ma^ become 
im p o r ta n t  a t  l a r g e  a n g l e s .  R e f e r r i n g  to  th e  a s y m p to t i c  form s (42 -44)  II
i n  C h a p te r  I I  i t  c a n  be s e e n  t h a t  t h e  second  ha rm on ic  power g e n e ra te d  
by a fo c u s e d  l a s e r  beam i s  a p p ro x im a te ly  g iv e n  by '
V.4
P2o) “ P / i / b ^  &jc »  (2)(0
P2w “ i  »  »  Z  ^ (3)
w here  we have  u se d  t h e  e x p r e s s io n s  ( 4 1 ) ,  (32) and (26) f o r  t h e  a p e r t u r e  
l e n g t h  and t h e  e f f e c t i v e  l e n g t h  o f  fo c u s  Z^  to  g iv e
z =
“ 2p 2
£ = 2b / rf
i n  te rm s  o f  t h e  c o n fo c a l  p a ra m e te r  b o f  th e  fo c u s e d  beam.
For a g iv e n  c o n f o c a l  p a ra m e te r  i t  may be se en  from  e q u a t i o n  (3) 
t h a t  t h e r e  i s  n o th in g  to  be g a in e d  i n  harm onic  c o n v e r s io n  by making th e  
c r y s t a l  l e n g t h  g r e a t e r  th a n  th e  e f f e c t i v e  l e n g t h  o f  fo c u s  Z^  s i n c e  under  
t h e s e  c o n d i t i o n s  t h e  c o n v e r s io n  becomes in d e p e n d e n t  o f  c r y s t a l  l e n g t h .
I f  t h e  c r y s t a l  l e n g t h  i s  made e q u a l  to  Z^  t h e n ,  as  may be se en  from  
e q u a t io n s  (2) and ( 3 ) ,  t h e  c o n v e r s io n s  v a ry  a p p ro x im a te ly  a s  b ^ . However, 
a s  b and  hence  Z a r e  i n c r e a s e d  to  a t t a i n  h i g h e r  c o n v e r s io n  e f f i c i e n c i e s ,  
l a r g e r  c o m p e n sa t io n  a n g le s  a r e  r e q u i r e d .  In  v iew  o f  t h e  u n c e r t a i n t y  
r e g a r d in g  h i g h e r  o r d e r  a b e r r a t i o n s  a t  t h a t  t im e ,  t h e  c r y s t a l  l e n g t h  was 
ch o sen  to  be 1 ,6  cm so a s  to  keep  th e  c o m p en sa t io n  a n g le  l e s s  t h a n  1 5 ° .
For  an  ADP c r y s t a l  o f  t h i s  l e n g t h  t h e  e x p e c te d  n o n l i f i e a r  c o u p l in g  
c o e f f i c i e n t  C d e f i n e d  a s  C « Pzw/F^^ a p p ro x im a te ly  6 x 10"*^ ,
A s c h e m a t ic  d ia g ra m  o f  t h e  c r y s t a l  i s  shown i n  f i g u r e  1 , The c r y s t a l  
was s u p p l i e d  by E l e c t r o ^ O p t i c  D evelopm ents  L t d ,  The a n g le  marked (j) 
i s  c u t  such  t h a t  a beam e n t e r i n g  t h e  c r y s t a l  a t  B r e w s t e r ’s a n g le  w i l l  
p r o p a g a te  a s  t h e  o r d i n a r y  r a y .  T h is  a n g le  i s  g iv e n  by
({) = t a n ~ l  n(A) (4)
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The c r y s t a l  was housed  i n  a s im p le  oven and th e  t e m p e r a tu r e  was 
c o n t r o l l e d  u s in g  a t e m p e r a tu r e  c o n t r o l l e r  by ( E le c t r o  O p t ic  D evelopm ents  
L td ,  Type TC 15). The c i r c u i t  d ia g ra m  o f  t h e  t e m p e r a t u r e  c o n t r o l l e r  i s  
shown i n  Appendix A. The c o n t r o l l e r  was c a p a b le  o f  m a i n t a i n in g  t h e  c r y s t a l  
t e m p e ra tu re  to  an  a c c u r a c y  o f  0 .01°C  o v e r  t h e  r a n g e  20°C to  90°C.
The c r y s t a l  s u r f a c e s  w ere  open  to  t h e  a tm o sp h e re  and i n  o r d e r  to  
p r e v e n t  t h e  c o n d e n s a t io n  o f  m o i s t u r e  on to  t h e  h y g r o s c o p ic  c r y s t a l  s u r f a c e s
The r e f r a c t i v e  in d e x  o f  ADP h as  been  a c c u r a t e l y  d e te rm in e d  and i s  
w e l l - a p p ro x im a te d  by th e  f o l l o w i n g  d i s p e r s i o n  r e l a t i o n ^ ^
n% = A + B v ^ / (1 -  v^ /C ) + D /(E  -  v^) (5)
where
V ® 1/X (cmr^) (6)
and th e  o t h e r  p a r a m e t e r s .  A, B, C, D and E f o r  t h e  o r d i n a r y  and e x t r a ­
o r d i n a r y  r a y  a r e  as  i n d i c a t e d  i n  t a b l e  1 ,  The t e m p e r a tu r e  v a r i a t i o n s  o f
I
where n(X) i s  t h e  r e f r a c t i v e  in d e x  o f  t h e  o r d i n a r y  r a y  a t  t h e  p h a se  
m atched w a v e le n g th  X, For ADP a t  590 nm t h i s  a n g le  i s  5 6 .7 ° .  The 
c r y s t a l  z - a x i s  i s  o r i e n t a t e d  a t  t h e  p h a se  m atch a n g le  0^  to  th e  
d i r e c t i o n  o f  p r o p a g a t io n  o f  t h e  l i g h t  beam w i t h i n  t h e  c r y s t a l .  For  ADP 
a t  25°C and a t  a w a v e le n g th  o f  590 nm t h e  p h ase  m a tc h in g  a n g le  i s  6 3 ° .
The X and y a x e s  were o r i e n t a t e d  a t  an  a n g le  o f  45° t o  t h e  p la n e  . |
c o n t a i n i n g  th e  o p t i c  a x i s  i n  o r d e r  t o  m axim ise t h e  se co n d  harm onic  
i n t e r a c t i o n .  The c r y s t a l  s u r f a c e s  w ere  p o l i s h e d  f l a t  and p a r a l l e l  to  
X /4 .
J
t h e  oven was a t  a l l  t im e s  m a in ta in e d  a t  a  t e m p e r a tu r e  i n  e x c e s s  o f  25°C. 
T h is  was found  to  be q u i t e  s a t i s f a c t o r y  and t h e  c r y s t a l  was u sed  f o r  
months w i th o u t  s e r i o u s  s ig n s  o f  d e g r a d a t i o n .  However, t h e  c r y s t a l  was 
s t o r e d  i n  a d e s s i c a t o r  o v e r n i g h t .
V.6
t h e  r e f r a c t i v e  i n d i c e s  a r e  g iv e n  by th e  e x p r e s s io n
[ n  -  n (300K) ] x 10^ = F + GT + HT% (7)
when F, G and H f o r  ADP a r e  a s  i n d i c a t e d  i n  t a b l e  1 .
U sing  th e  above e q u a t io n s  , th e  p h a s e -m a tc h in g  t e m p e r a tu r e  o f  ADP i s
p l o t t e d  a s  a f u n c t i o n  o f  t h e  fu n d a m e n ta l  w a v e le n g th  f o r  v a r i o u s  v a lu e s
o f  t h e  a n g le  0 ^  i n  f i g u r e  2 .  As can  be  se en  from t h i s  f i g u r e  t h e  ADP
c r y s t a l  can  be p h a se -m a tc h ed  o v e r  t h e  e n t i r e  l a s i n g  w a v e le n g th  r a n g e  o f
Rhodamine 6 G by e i t h e r  ch a n g in g  t h e  p h a s e -m a tc h in g  a n g le  o r  by c h an g in g
th e  c r y s t a l  t e m p e r a t u r e .  N o t i c e  t h a t  i n  th e  o r i e n t a t i o n  c h o s e n , t h e  a n g le
w hich  i s  c r i t i c a l  f o r  p h a s e -m a tc h in g  i s  0^ .  A change i n  t h i s  a n g le  o v e r  a
l i m i t e d  r e g i o n  does  n o t  a f f e c t  t h e  o r i e n t a t i o n  o f  t h e  B re w s te r  a n g le d
s u r f a c e s .  The ADP c r y s t a l  can  t h e r e f o r e  be a n g le  t i l t e d  o v e r  a c o n s i d e r a b l e
ra n g e  w i t h o u t  i n c r e a s i n g  t h e  r e f l e c t i o n  l o s s  a t  th e  c r y s t a l  s u r f a c e s .  The
m ajo r  e f f e c t  o f  t i l t i n g  t h e  c r y s t a l  i s  t o  w alk  t h e  beam th ro u g h  th e  c a v i t y
u n t i l  l a s i n g  e v e n t u a l l y  c e a s e s .  L a s in g  can  u s u a l l y  be  r e c o v e r e d  by
r e a l i g n i n g  one o f  t h e  l a s e r  m i r r o r s .  The w a lk - o f f  o f  t h e  fu n d a m e n ta l  beam
can  be  com pensa ted  by i n t r o d u c i n g  a n o th e r  r e f r a c t i n g  medium i d e n t i c a l  to
t h e  c r y s t a l  i n t o  th e  c a v i t y  and t i l t i n g  b o th  e le m e n ts  t o g e t h e r  a s  h a s  been  
.5 ,6p ro p o se d  ' ,
The l a s e r  c a v i t y  was o f  a  ty p e  s u g g e s te d  by Jo h n so n  and R unge^ . A 
d iag ra m  o f  th e  c a v i t y  i s  shoivn i n  f i g u r e  3 . The dye  j e t  s t r e a m  end o f  th e  
c a v i t y  and th e  t u n in g  e le m e n t  w ere  a s  d e s c r i b e d  e a r l i e r .  The m i r r o r s  M2 
and M3 were  b o th  o f  10 cm r a d i u s  o f  c u r v a t u r e  and th e  m i r r o r  Mj was p l a n e .  
The r a d i u s  o f  c u r v a t u r e  M2 and M3 w ere  ch o sen  to  p r o v id e  a fo c u s e d  beam 
w i th  a c o n fo c a l  p a ra m e te r  o f  a p p ro x im a te ly  1 cm i n  t h e  r e g i o n  be tw een  them , ,
The m i r r o r s  Mj, M2 and M3 a l l  had th e  same d i e l e c t r i c  c o a t i n g .  The 
c o a t i n g  was p ro d u ce d  by T e c h n ic a l  O p t ic s  L td  and was 99.4% r e f l e c t i n g  a t
s
590 nm (0.5% t r a n s m i t t i n g )  and 60% t r a n s m i t t i n g  a t  295 nm. The u l t r a ­
v i o l e t  o u tp u t  c o u ld  be co u p le d  th ro u g h  any one o f  t h e  m i r r o r s  a l t h o u g h  
i t  was g r e a t e s t  th ro u g h  M2 o r  M3 .
The Jo h nson  and Runge^ c a v i t y  was o r i g i n a l l y  chosen  s i n c e  i t  was 
s t a t e d  by th e  a u th o r s  t h a t  t h e  symmetry o f  t h e  a r ra n g e m e n t  e l i m i n a t e d  L
coma. However, i t  was shown i n  C h a p te r  IV t h a t  t h e i r  s t a t e m e n t  i s  o n ly  
t r u e  i n  t h e  a b s e n c e  o f  any e le m e n t  i n t r o d u c i n g  coma be tw een  t h e  m i r r o r s .
As was shown i n  C h a p te r  IV t h e r e  i s  coma in t r o d u c e d  on f o c u s in g  i n t o  a 
B re w s te r  a n g le d  i n t e r f a c e  and so t h i s  c a v i t y  does  n o t  e l i m i n a t e  t h e  coma 
c r e a t e d  i n  t h e  c r y s t a l .
The a n g le  6 was ch o sen  u s in g  th e  e x p r e s s io n  (6 ) i n  C h a p te r  IV 
to  e v a l u a t e  th e  a n g le  r e q u i r e d  f o r  a s t i g m a t i c  c o m p e n s a t io n .  For a  1 ,6  cm 
c r y s t a l  t h i s  a n g le  i s  1 4 .7 ° .  At t h i s  a n g le  t h e  coma in t r o d u c e d  by t h e  
c r y s t a l  i s  o n ly  ab o u t  30% o f  t h a t  i n t r o d u c e d  by t h e  o f f  a x i s  m i r r o r .  The 
c a v i t y  a r ra n g e m e n t  i s  t h e r e f o r e  r e a s o n a b ly  w e l l  c o r r e c t e d  f o r  coma.
R e s u l t s  ÿIThe dye l a s e r  was pumped w i th  t h e  p lasm a j e t  a rg o n  io n  l a s e r  and
'It h r e s h o l d  was found  t o  be  i n  th e  r e g i o n  o f  IW. T h is  i s  n o t  v e ry
Id i f f e r e n t  from  th e  v a lu e  o f  t h r e s h o l d  o b ta in e d  w i th  t h e  same dye l a s e r  |
and pump when o p e r a t e d  i n  t h e  v i s i b l e  mode. The i n t r a c a v i t y  power was
found  to  be  l i n e a r  w i t h  pump power up to  a  pumping power o f  a t  l e a s t  
20W. At t h i s  pumping power t h e  i n t r a c a v i t y  power was e s t im a te d  t o  be  
40W in  one d i r e c t i o n .  T h is  was e s t i m a t e d  by m e a su r in g  t h e  power 
t r a n s m i t t e d  from  one o f  t h e  c a v i t y  m i r r o r s  w i th  known t r a n s m i s s i o n .  The .'ÿ
l i n e a r i t y  o f  i n t r a c a v i t y  power w i t h  pump power i s  a r e a s o n a b le  i n d i c a t i o n  
t h a t  t h e r e  a r e  no g r o s s  l o s s e s  due t o  n o n l i n e a r  a b s o r p t i o n ,  o r  th e rm a l  
s e l f - f o c u s i n g  i n  t h e  c r y s t a l . T here  was no d e t e c t a b l e  change i n  i n t r a ­
c a v i t y  power a s  t h e  c r y s t a l  was tu n e d  away from  th e  p h a s e -m a tc h in g
i
V.8
'  ÿc o n d i t i o n s .  T h is  i n d i c a t e s  t h a t  t h e  c a v i t y  was u n d e rc o u p le d  and t h a t  |
a  h i g h e r  c o n v e r s io n  e f f i c i e n c y  i s  r e q u i r e d  f o r  optimum second harm onic  f 
o u t p u t .
g iv e n  by
= (P 2 u /P ^ 2 ) /m  (8)
where K, h and I a r e  d e f i n e d  i n  C h a p te r  I I .
The second  ha rm on ic  power was m easured th ro u g h  m i r r o r  u s in g  a 
s o l a r  b l i n d  vacuum p h o to d io d e  (Hamamatsu R404) . The second  harm on ic if
power g e n e r a te d  i n  one d i r e c t i o n  was th e n  e s t i m a t e d  by u s in g  th e  m i r r o r  â
UV t r a n s m i s s i o n .  The second  ha rm on ic  power g e n e r a te d  i n  one d i r e c t i o n
4a t  295 nm a s  a f u n c t i o n  o f  i n t r a c a v i t y  power i s  p l o t t e d  i n  f i g u r e  4 .  g
At low power t h e  second  ha rm on ic  power i n c r e a s e s  a s  t h e  s q u a re  o f  th e  
fu n d a m e n ta l  pow er, a s  e x p e c t e d .  At fu n d am e n ta l  powers i n  e x c e s s  o f  a few 
w a t t s  t h e  second  h a rm o n ic  power b e g in s  t o  s a t u r a t e .  A lso  shown i n  t h e  -|
f i g u r e  i s  t h e  e f f e c t  o f  c h o pp ing  i n  t h e  c a v i t y  o f  t h e  a rg o n  io n  l a s e r  
a t  v a r i o u s  d u ty  c y c l e s .  A d u ty  c y c le  o f  1 :2  c o r r e s p o n d s  to  1 p a r t  ' o n '  
f o r  e v e ry  two p a r t s .  With t h i s  d e f i n i t i o n  no c h o pp ing  c o r r e s p o n d s  t o  4;
1 : 1 .  The powers p l o t t e d  a r e  th o s e  m easured  d u r in g  t h e  'on* p a r t  o f  t h e  
c y c le  w hich had a d u r a t i o n  o f  a b o u t  1 ms i n  each  c a s e .  S a t u r a t i o n  c an  
be p o s tp o n e d  to  h i g h e r  powers by t h i s  method a l t h o u g h  i t  i s  a t  t h e
expense  o f  re d u c e d  a v e ra g e  UV pow er. At an  i n t r a c a v i t y  power o f  abou t
:;S
40W th e  m easured  peak  power g e n e r a te d  was 85 mW a t  a  d u ty  c y c le  o f  1 :5 0 ,  %
T h is  was r e d u c e d  to  30 mW i n  t h e  a b se n c e  o f  c h o p p in g .
The r e d u c t i o n  i n  ha rm o n ic  power can  be e x p la in e d  i n  term s o f  t h e  
s e l f - i n d u c e d  th e rm a l  p h a s e -m is m a tc h in g  e f f e c t  w hich  was d i s c u s s e d  i n  
C h a p te r  I I .  The d a t a  f o r  th e  'no  c h o p p in g '  c u rv e  i n  f i g u r e  5 have  been




■IThe p a ra m e te r  h^ i s  p l o t t e d  a s  a f u n c t i o n  o f  = a i n  f i g u r e  5 .




Pj ■= XKj / 2 6 6 i JI (9)
w here 6 % i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  c r y s t a l  a t  th e  fu n d am e n ta l  
w a v e le n g th  and th e  o t h e r  p a ra m e te r s  a r e  as  d e f i n e d  i n  C h a p te r  I I .  A 
v a lu e  o f  P^ = 2W h as  been  c h o sen  t o  f i t  t h e  d a t a .  Prom e q u a t io n  (9) i t  
i s  p o s s i b l e  to  e s t i m a t e  t h e  im p l ie d  v a lu e  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  
o f  t h e  ADP c r y s t a l .  U sing t h e  v a lu e  o f  t h e  p a ra m e te r s  X = 6 x lO "^  cm,
= 2 X 10”2 y  cm"! and 3 = 4 x 10"’  ^ K"’  ^ t h e  a b s o r p t i o n  c o e f f i c i e n t  
o f  th e  c r y s t a l  used  was 0.5% cm "^. T h is  v a lu e  i s  a b o u t  what one w ould 
e x p e c t  f o r  a r e a s o n a b ly  good ADP c r y s t a l .  4"
The s t r a i g h t  l i n e  o f  g r a d i a n t  2 drawn i n  f i g u r e  4 was d ra \m  on th e  
b a s i s  t h a t  Kh&= 6 .3  x lO r^  w hich  i s  i n  good ag reem en t  w i th  t h e  v a lu e
o b ta in e d  when t h e  p a r a m e te r s  o f  e q u a t i o n  (39) o f  C h a p te r  I I  a r e  
e v a lu a t e d  f o r  ADP,
V .3 .1  Use o f  a Xenon L a s e r  as  Pump :-|
The second  ha rm o n ic  dye  l a s e r  h as  b een  pumped by a p u l s e d  xenon i o n  '
l a s e r .  The xenon l a s e r  i s  a t t r a c t i v e  f o r  t h i s  p u rp o se  s i n c e  i t  h a s  a  V
r e l a t i v e l y  lo n g  p u l s e  d u r a t i o n  o f  1 y se c  and so i s  c a p a b le  of 
p ro d u c in g  a h ig h  r e s o l u t i o n  l a s e r  w h i l e  a t  t h e  same t im e  p r o v id i n g  J
f a i r l y  h ig h  pow er, |
The xenon l a s e r  was c o n s t r u c t e d  i n  t h i s  l a b o r a t o r y .  I t  c o n s i s t e d  'i
o f  a 2 m q u a r t z  t u b e  o f  3 mm b o r e .  The e x c i t a t i o n  e n e rg y  was s u p p l i e d
Iby a ly P  c a p a c i t o r  c h a rg e d  to  20 kV. The tu b e  was pumped o u t  to  a  ;v
p r e s s u r e  o f  l e s s  t h a n  10"’^ t o r r . The optimum xenon  p r e s s u r e  was found
to  be  i n  t h e  r e g i o n  o f  15 m t o r r . The xenon l a s e r  p ro d u ce s  many l i n e s  
o v e r  th e  g re e n  r e g i o n  o f  t h e  sp e c t ru m  a n d ,  w i th  a rg o n  io n  l a s e r
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m i r r o r s , t h e  t o t a l  o u tp u t  power was a b o u t  750W. |
The second  ha rm on ic  dye  l a s e r  was pumped w i t h  t h e  xenon l a s e r .  %
The peak  second  ha rm o n ic  power was i n  e x c e s s  o f  IW b u t  was n o t  o p t im i s e d .
The m ain  d i f f i c u l t y  i n  u s in g  t h i s  sy s tem  was t h a t  t h e  b i r é f r i n g e n t  I
tu n in g  e lem en t  lias i n s u f f i c i e n t  d i s c r i m i n a t i o n  a g a i n s t  th e  l a s e r  h o p p ing  - 4
to  s u b s id u a r y  maxima o f  t h e  f i l t e r  t r a n s m i s s i o n .  T h is  c o u ld  be overcome 1
by a change i n  d e s ig n  o f  t h e  b i r é f r i n g e n t  f i l t e r  to  t h a t  d e s c r i b e d  by |
7 1'Hoitom and T eschke  , s u i t a b l e  f o r  h ig h  power l a s e r s  o r  by u s in g  a t u n in g  |
wedge o f  t h e  k in d  used  i n  some com m ercial dye l a s e r s ,  i
A l i m i t e d  amount o f  work was done on xenon l a s e r  pumping o f  th e  
ha rm on ic  dye  l a s e r .  I t  h a s  b e e n  in c lu d e d  h e r e  to  r e c o r d  what may w e l l  |
be  a v e ry  u s e f u l  d e v ic e .  The c o m p a c tn e s s ,  c h e a p n e ss  and power o f  t h e  xenoni; 
l a s e r  make i t  a t t r a c t i v e  a s  a pump and th e  p o s s i b i l i t y  o f  u s in g  i t  to  
p ro d u ce  a lo n g  p u l s e  na rrow  l i n e w i d t h  second  h a rm o n ic  dye l a s e r  would 1
a p p e a r  to  be an  i d e a  w o r th  p e r s u i n g .  '
V.4 S ta g e  Two i n  Dye L a s e r  Developm ent (ADA c r y s t a l ,  s i n g l e  l i n e  
s i n g l e  mode pump)
A f t e r  t h e  r e a l i s a t i o n  t h a t  th e rm a l  e f f e c t s  i n  c r y s t a l s  c o u ld  be  an  i
im p o r ta n t  d e s ig n  c o n s i d e r a t i o n  i n  second  ha rm on ic  dye  l a s e r s  and t h a t  ;
coma c o u ld  be im proved by a change  i n  c a v i t y  d e s ig n  i t  was d e c id e d  t o  
r e d e s i g n  th e  ha rm o n ic  l a s e r .  I n  t h e  new l a s e r  cavity ,A D A  was u sed  a s  t h e  
f r e q u e n c y  d o u b l in g  e le m e n t  and  t h e  c a v i t y  was changed t o  th e  Z -s h a p e  _ (
d e s c r i b e d  i n  C h a p te r  IV. ^
A s c h e m a t ic  d iag ra m  o f  t h e  r e v i s e d  c a v i t y  i s  shown i n  f i g u r e  6 . |
As b e f o r e  , t h e  dye j e t  and t u n in g  e le m en t  were t a k e n  from th e  s t a n d a r d  |
C o h e re n t  R a d i a t i o n  490 c a v i t y .  The m i r r o r s  Rg and R^ , were  of 10 cm j
r a d i u s  o f  c u r v a t u r e  and had a r e f l e c t i v i t y  o f  99,6% a t  590 nm and a
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r e f l e c t i v i t y  o f  80% a t  295 nm. The m i r r o r  Rg was p l a n e  and had a 
v i s i b l e  r e f l e c t i v i t y  o f  99.6% and a UV t r a n s m i s s io n  o f  80%. A l l  t h r e e  
m i r r o r s  w ere  p roduced  by CVI L a se r  C o r p o r a t io n ,  The new m i r r o r s  gave 
a r e d u c e d  l i n e a r  l o s s  a t  t h e  fu n d am e n ta l  w a v e le n g th  and an  enhanced  UV 
o u tp u t  c o u p l in g  o v e r  t h e  e a r l i e r  m i r r o r s  s u p p l i e d  by T e c h n ic a l  O p t i c s .
An ADA c r y s t a l  was c h o s e n  b e c a u s e  i t  i s  p o s s i b l e  to  m a i n t a i n  90° 
p h a s e -m a tc h in g  o f  t h i s  c r y s t a l  th ro u g h o u t  t h e  w a v e le n g th  r a n g e  o f  a 
Rhodamine 6 G dye l a s e r .  The c r y s t a l  was a 45° Z -c u t  a s  i l l u s t r a t e d  i n  
f i g u r e  1 . The c r y s t a l  l e n g t h  was c h o sen  to  be 1 .5  cm so t h a t  i t  c o u ld  
be  d i r e c t l y  compared w i th  t h e  ADP c r y s t a l .  The a p e r t u r e  l e n g t h  o f  t h e  
ADP c r y s t a l  was a p p ro x im a te ly  0 .2  cm and so an  im provem ent i n  t h e  r e g i o n  |
o f  a f a c t o r  o f  se v en  would be  e x p e c te d  by g o ing  t o  ADA.
As can  be s e e n  from  t h e  f i g u r e  3 o f  C h a p te r  I I  i t  i s  p o s s i b l e  t o  
g a in  some a d v a n ta g e  i n  g o in g  to  s t r o n g e r  f o c u s i n g  f o r  a  90° p h a se -m a tc h ed  
c r y s t a l  (B = 0) o v e r  t h a t  o f  a  n o n - c r i t i c a l l y  p h a se -m a tc h ed  c r y s t a l  
b e c a u s e  o f  th e  l a c k  o f  w a l k - o f f  i n  t h e  f o rm e r .  However, t h e  second  
ha rm on ic  power i s  n o t  a  s t r o n g  f u n c t i o n  o f  f o c u s in g  i n  t h e  r e g i o n  c l o s e  
to  optimum f o c u s i n g  and so a c a v i t y  f o c u s i n g  a r ra n g e m e n t  g iv in g  a  beam 
w i th  t h e  same c o n fo c a l  p a ra m e te r  a s  b e f o r e  was u s e d .  From t h e  t h e o r y  o f  
C h a p te r  I V , i t  c an  be  se en  t h a t  f o r  a  medium w i t h  r e f r a c t i v e  in d e x  1 .5 7 ,  
an  a n g le  o f  29° i s  r e q u i r e d  f o r  b o th  a s t i g m a t i c  and coma c o m p e n sa t io n .
I f  th e  r a d i u s  o f  c u r v a t u r e  o f  t h e  f o c u s i n g  m i r r o r  i s  t o  rem a in  th e  
same as  i n  t h e  p r e v io u s  s e c t i o n ,  t h e  c r y s t a l  l e n g t h  r e q u i r e d  f o r  coma 
and a s t i g m a t i c  c o m p e n sa t io n  i s  t h e n  6 .0  cm. R e tu rn in g  to  t h e  r e s u l t s  
o f  C h a p te r  I I I  i t  c an  b e  s e e n  t h a t  t h i s  c r y s t a l  l e n g t h  would  o n ly  be  an 
optimum e i t h e r  f o r  c a v i t i e s  w i t h  h ig h  l o s s  (> 10%) w here  t h e  th e rm a l  
e f f e c t  would have  a sm a l l  e f f e c t  on t h e  l a s e r  p e r fo rm a n c e  o r  i n  th e  c a s e  




.'ipowers i n  e x c e s s  o f  3W) w here a g a in  th e rm a l  e f f e c t s  would be s m a l l ,  #
From f i g u r e s  5 and 6 o f  C h a p te r  I I I ,  i t  can  be s e e n  t h a t  a t  pump powers ij,
o f  a b o u t  5W o r  g r e a t e r , t h e  maximum second  harm onic  power f o r  a c r y s t a l  
w i t h  an  a b s o r p t i o n  c o e f f i c i e n t  o f  0.5% cm”  ^ p la c e d  i n  a c a v i t y  w i th  a 
l i n e a r  o f  5% o c c u rs  ac a c r y s t a l  l e n g t h  o f  b e tw een  1 cm and 2 cm.
I t  would t h e r e f o r ,  ^..^;uar, on  t h i s  b a s i s ,  t h a t  a c h o ic e  o f  c r y s t a l  
l e n g t h  o f  1 .5  cm i s  n o t  u n r e a s o n a b le .
1
T here  may be  some a d v a n ta g e  to  be  g a in e d  by g o in g  to  l a r g e r  |
c o m p e n sa t io n  a n g le s  and c o r r e s p o n d in g ly  lo n g e r  c r y s t a l  l e n g t h s  so t h a t  
coma and a s t i g m a t i s m  can  be  s im u l ta n e o u s ly  c o r r e c t e d .  However, i n  t h e s e  
e x p e r im e n ts  t h e  c a v i t y  a r ra n g e m e n t  was r e t a i n e d  a t  t h a t  u sed  i n  e a r l i e r  
e x p e r im e n ts  on ADP. Thus t h e  a n g le  marked 0 i n  f i g u r e  6 was c h o sen  a s  %
1 5 ° .  I
In  some e a r l y  e x p e r im e n ts  on t h e  ADA,the c r y s t a l  was housed  i n  an 
oven s i m i l a r  to  t h e  one used  f o r  ADP w i t h  t h e  end s u r f a c e s  open  to  th e  
a tm o sp h e re .  A f t e r  a b o u t  a week o p e r a t i n g  u n d e r  t h e s e  c o n d i t i o n s  t h e  ADA 
c r y s t a l  s u r f a c e s  w ere  fo u n d  to  be v e ry  p o o r .  T h is  was a s c r i b e d  t o  t h e  
a b s o r p t i o n  o f  w a te r  v a p o u r  and  o t h e r  g a s e s  w hich  may have  b een  p r e s e n t  
i n  t h e  l a b o r a t o r y .  T h is  beba'. n r  c o n t r a s t s  m a rk e d ly  t o  t h a t  o f  ADP w hich  
was found  to  l a s t  f o r  many m onths w i th o u t  s i g n  o f  d e g r a d a t i o n .
The ADA c r y s t a l  was t h e r e f o r e  housed  i n  a  h e r m e t i c a l l y  s e a l e d  c e l l ,  
a d iag ra m  o f  w hich i s  shown i n  f i g u r e  7 . The c r y s t a l  was o r i e n t a t e d  a lo n g  
t h e ' a x i s  by two m i l l e d  c h a n n e l s  down th e  b o r e  and f i x e d  by a r u b b e r  b ung . ,
The end windows w ere  made o f  s p e c t r o s i l  B, p o l i s h e d  f l a t  and p a r a l l e l  to  
X/lO and w ere  s e t  a t  B r e w s t e r ' s  a n g le  f o r  l i g h t  a t  590 nm. S e a ls  were 
p ro v id e d  by Dowty bonded s e a l s  on  th e  i n s i d e  o f  t h e  windows and GACO r i n g s  
on th e  o u t s i d e .  The c r y s t a l  was i n s e r t e d  i n t o  t h e  c e l l  and, s e a l e d  u n d e r  h  




A lthough  th e  a d d i t i o n  o f  windows sh o u ld  have  a sm a l l  i n f l u e n c e  
on th e  l i n e a r  l o s s  a t  t h e  fu n d am e n ta l  w a v e le n g th ,  a p a r t  from  s c a t t e r i n g  
l o s s e s  and r e s i d u a l  r e f l e c t i o n  l o s s e s ,  th e y  have  a more s e r i o u s  e f f e c t  
on  th e  g e n e r a te d  ha rm on ic  r a d i a t i o n .  T h is  i s  b e c a u s e  t h e  second  ha rm on ic  
r a d i a t i o n  i s  g e n e r a te d  w i th  a p o l a r i z a t i o n  p e r p e n d i c u l a r  to  t h a t  o f  t h e  
fu n d am e n ta l  r a d i a t i o n .  The windows w i l l  the rc^^  . - e t  a t  a l a r g e  a n g le
i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  B re w s te r  a n g le  p l a n e .  The r e f l e c t i o n  
c o e f f i c i e n t  f o r  a beam whose e l e c t r i c  v e c t o r  i s  p o l a r i z e d  p e r p e n d i c u l a r  
to  t h e  B re w s te r  p l a n e  f o r  an  i n t e r f a c e  s e t  a t  B r e w s t e r ' s  a n g le  b e tw een  ?i
a i r  and a  medium o f  r e f r a c t i v e  in d e x  n i s  g iv e n  by %
V  = S
For a medium w i th  r e f r a c t i v e  in d e x  n = 1 .5  t h e  r e f l e c t i o n  c o e f f i c i e n t  i s  
14.8%.
In  l e a v i n g  t h e  c r y s t a l ,  t h e  g e n e r a te d  second  ha rm on ic  must go th ro u g h  
t h r e e  i n t e r f a c e s ;  t h e  c r y s t a l - a i r  i n t e r f a c e ,  a ir -w in d o w  i n t e r f a c e  and th e  
w in d o w -a ir  i n t e r f a c e .  At each  o f  t h e s e  f a c e s  t h e  t r a n s m i s s i o n  w i l l  o n ly  
be 85% b e c a u se  o f  t h e  h ig h  v a l u e  o f  r e f l e c t i o n  c o e f f i c i e n t .  T h e r e f o r e  
o n ly  61.5% o f  t h e  g e n e r a te d  ha rm o n ic  w i l l  a c t u a l l y  be t r a n s m i t t e d  o u t  
o f  t h e  c e l l .  Such a l o s s  o f  power i s  i n e v i t a b l e  i f  f l u i d s  o r  c o a t i n g s  
on th e  c r y s t a l  a r e  to  be a v o id e d .
An improvement i n  t h e  t r a n s m i s s i o n  o f  t h e  UV from  t h e  c r y s t a l  w i l l  
be  o b t a in e d  i f  an  in d e x  m a tc h in g  f l u i d  i s  i n s e r t e d  be tw een  th e  window 
and c r y s t a l .  Normal in d e x  m a tc h in g  f l u i d s  a r e  u s u a l l y  o f  t h e  F re o n  ty p e  
and s u f f e r  from  t h e  d i s a d v a n t a g e  t h a t  a t  h i g h . i n c i d e n c e  powers t h e y  become |  
p a r t i a l l y  opaque to  UV and  so l e a d  to  h e a t i n g  and c r y s t a l  dam age^. A lso  
t h e  low v i s c o s i t y  o f  m ost f l u i d s  u sed  f o r  in d e x  m a tc h in g  means t h a t  
c o n v e c t iv e  c u r r e n t s  s e t  up on h e a t i n g .  T h is  c a n  have  a  s e r i o u s  e f f e c t
V
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on th e  o p e r a t i o n  o f  t h e  l a s e r  c a v i t y .  Some o f  t h e s e  p rob lem s a p p e a r  
to  have  been  overcome by W e l l i n g ’s group who have  b e e n  u s in g  s i l i c o n e  
o i l  as an in d ex  m a tc h in g  f l u i d ^ .  The a d v a n ta g e  o f  s i l i c o n e  o i l  i s  t h a t  
t h e  window c an  be o p t i c a l l y  c o n ta c t e d  to  t h e  c r y s t a l  w i th  a v e ry  t h i n  
l a y e r  o f  o i l  and so v e ry  l i t t l e  o f  t h e  fu n d am e n ta l  beam w i l l  be a b so rb e d  
to  c a u se  h e a t i n g .  The a io n  o f  s i l i c o n e  o i l  i s  good i n  th e  v i s i b l e
and i n  t h e  UV. W e l l i n g 's  group  have n o t  r e p o r t e d  any c r y s t a l  damage 
p rob lem s and ou r  p r e l i m i n a r y  e x p e r im e n ts  c o n d u c te d  by f o c u s i n g  a 20W 
a rg o n  l a s e r  i n t o  a  f u s e d  s i l i c a - s i l i c o n e  o i l  i n t e r f a c e  s u g g e s t  t h a t  t h i s  
a p p ro a c h  may be  q u i t e  s u c c e s s f u l .
R e s u l t s  i
The r e v i s e d  second  h a rm o n ic  dye l a s e r  was pumped by th e  p lasm a j e t  
a rg o n  io n  l a s e r  and by a S p e c t r a  P h y s ic s  171 a rg o n  io n  l a s e r .  The p e rfo rm a n c e  
o f  t h e  f r e q u e n c y  d o u b l in g  c r y s t a l  was found  t o  be  s i m i l a r  w i th  b o th  pump 
l a s e r s  b u t  t h e  e f f i c i e n c y  o f  c o u p l in g  i n t o  t h e  dye l a s e r  was g r e a t l y  
i n c r e a s e d  by t h e  TEk^^ mode s i n g l e  l i n e  o u t p u t  o f  t h e  com m ercial l a s e r .
However i t  was found  t h a t  w i t h  s i n g l e  mode pumping o f  t h e  dye l a s e r , t h e  
i n t r a c a v i t y  power s a t u r a t e d  w i t h  pump power and e v e n t u a l l y  d e c re a s e d  w i th  
i n c r e a s i n g  pump pow er. I
One o f  t h e  f i r s t  o b s e r v a t i o n s  made when t h e  c r y s t a l  was changed  from  
ADP.to ADA.was t h a t  p h a s e -m a tc h in g  i n  ADA was c o n s id e r a b l y  more c r i t i c a l  
th a n  i n  ADP. The p h a s e -m a tc h in g  b a n d w id th  f o r  f i x e d  t e m p e r a tu r e  and a n g le  
f o r  ADP was a p p ro x im a te ly  1 nm FWHM a t  t h e  fu n d am e n ta l  b u t  i n  t h e  c a s e  o f  
ADA t h i s  was re d u c e d  to  0 .1  nm. The p r o b a b le  e x p l a n a t i o n  f o r  t h i s  i s  t h a t  
i n  th e  c a s e  o f  t h e  90° p h a se -m a tc h ed  ADA c r y s t a l  t h e  p h a se -m a tc h  must be 
m a in ta in e d  th ro u g h o u t  t h e  l e n g t h  o f  t h e  1 .5  cm c r y s t a l ,  w hereas ,  i n  t h e  c a s e i
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o f  ADP, w here  P o y n t in g  v e c t o r  w a l k - o f f  be tw een  fu n d am e n ta l  and second  
harm on ic  o c c u r s ,  t h e  m atch need o n ly  be  m a in ta in e d  o v e r  an  e f f e c t i v e  
a p e r t u r e  l e n g t h  o f  a b o u t  0 .2  cm, A g iv e n  wave v e c t o r  m ism atch  t h e r e f o r e  
i s  o f  g r e a t e r  con seq u en ce  i n  a n o n c r i t i c a l l y  p h a se -m a tc h ed  c r y s t a l .  The 
p e n a l t y  i n  th e  c a s e  o f  ADP i s ,  o f  c o u r s e ,  a lo w e r  maximum g e n e r a t i o n  
e f f i c i e n c y  f o r  com parab le  c r y s t a l  p a r a m e t e r s .  G e n e ra te d  UV power i n  ADA 
was i n s e n s i t i v e  t o  a n g u la r  changes  i n  t h e  d i r e c t i o n  o f  t h e  f u n d a m e n ta l ,  as  
e x p e c te d  f o r  90° p h a s e - m a tc h in g ,  w hereas  ADP c o u ld  be  r e a d i l y  tu n ed  
by ch an g in g  t h e  i n c i d e n c e  a n g le .  Because o f  i t s  narrow  t u n in g  r a n g e  a t  
f i x e d  a n g le  and t e m p e r a t u r e ,  th e  ADA c r y s t a l  i s  v e ry  s e n s i t i v e  to  
t e m p e ra tu re  c h a n g e s ;  a  change o f  0 ,1°C  was s u f f i c i e n t  t o  h a lv e  th e  
g e n e r a te d  pow er. In  f a c t  a s  t h e  pump power was i n c r e a s e d ,  t h e  p h a s e -  
m a tc h in g  w a v e le n g th  changed  due to  i n c r e a s e d  h e a t i n g  th ro u g h  a b s o r p t i o n  
o f  fu n d am e n ta l  w i t h i n  t h e  c r y s t a l .  T h is  p o i n t  i s  i l l u s t r a t e d  i n  f i g u r e  8 
where  m easured  ha rm on ic  power i s  p l o t t e d  as  a f u n c t i o n  o f  l a s e r  w a v e le n g th  
f o r  v a r i o u s  v a lu e s  o f  th e  fu n d a m e n ta l  pow er, th e  oven  t e m p e r a tu r e  b e in g  
f i x e d  th r o u g h o u t .  The e x p e r i m e n t a l l y  d e te rm in e d  p h a se -m a tc h ed  w a v e le n g th  
as a f u n c t i o n  o f  t e m p e r a tu r e  f o r  t h e  90° p h a se  m atched  ADA c r y s t a l  a t  a 
f i x e d  i n t r a c a v i t y  power i s  p l o t t e d  i n  f i g u r e  9 .  The l i m i t s  i n d i c a t e  th e  
tu n in g  r a n g e  o v e r  w hich  t h e  c r y s t a l  h a s  b e e n  s u c c e s s f u l l y  o p e r a t e d .
U sing t h e  S p e c t r a - P h y s i c s  171 a rg o n  io n  l a s e r  o p e r a t i n g  i n  th e  
mode a t  5 1 4 ,5  nm as  t h e  pump l a s e r  t h e  u s e f u l  UV o u t p u t  power a t  295 nm 
m o n i to re d  th ro u g h  m i r r o r  Rg i s  p l o t t e d  as  a  f u n c t i o n  o f  pump power i n  . ^
f i g u r e  10 , THis c u rv e  was o b ta in e d  by a d j u s t i n g  t h e  dye  l a s e r  w a v e le n g th  t o  j 
o p t im is e  t h e  UV o u t p u t  f o r  each  v a lu e  o f  t h e  i n t r a c a v i t y  pow er. T h is  
e n s u re s  t h a t  t h e  c r y s t a l  i s  a lw ays ph a se -m a tc h ed  a lo n g  t h e  a x i s  o f  t h e  
G au ss ian  beam. The p h a s e - m a tc h in g  w a v e - le n g th  was fo u n d  to  change a t  a 
r a t e  o f  0 ,0 5  nmlf^ o f  i n t r a c a v i t y  pow er.
The s t r a i g h t  l i n e  o f  g r a d i e n t  2 i n  f i g u r e  10 was drawn f o r  a  v a lu e
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o f  Kli£ = 3 .0  X 10'"'+ W”  ^ a l l o w in g  f o r  F r e s n e l  l o s s e s  i n  t h e  windows and 
m i r r o r  l o s s e s .  The ag re e m e n t  be tw een  t h i s  v a lu e  and th e  c a l c u l a t e d  
v a lu e  o f  2 ,4  x  10“ ^ i s  q u i t e  good a l t h o u g h  i t  sh o u ld  be n o te d  t h a t  an
e x t r a  f a c t o r  o f  two s h o u ld  be  i n c lu d e d  i n  t h e  c a l c u l a t e d  v a lu e  b e c a u s e  
o f  t h e  many * ' i t u d i n a l  modes o f  t h e  l a s e r .  The p r o b a b le  r e a s o n  f o r  t h e  
good a n r t  ;»ent i s  t h a t  th e  aarm on ic  power g e n e r a te d  by t h e  b r o a d ­
band sy s tem  i s  l e s s  t h a n  w ould be e x p e c te d  b e c a u s e  t h e  l a s e r  l i n e w i d t h  
i s  a p p ro a c h in g  t h a t  o f  t h e  g e n e r a t i o n  bandw id th  o f  ADA a t  f i x e d  t e m p e r a t u r e  % 
and  o r i e n t a t i o n .  The fu n d a m e n ta l  power i s  t h e r e f o r e  n o t  f u l l y  u t i l i z e d  
i n  t h e  ha rm on ic  g e n e r a t i o n  p r o c e s s .
The p r o g r e s s i v e  d e p a r t u r e  o f  t h e  g e n e r a te d  ha rm on ic  from  a q u a d r a t i c  
dependence  on t h e  i n t r a c a v i t y  power i s  s i m i l a r  t o  t h a t  o b s e rv e d  when 
ADP was u se d  a s  t h e  d o u b l e r .  T h is  f a l l - o f f  i n  power i s  a g a in  a t t r i b u t e d  
t o  t h e r m a l ly  in duced  p h a s e -m is m a tc h in g .  The th e rm a l  r e d u c t i o n  f a c t o r  
h^ d e f in e d  i n  C h a p te r  I I  i s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  i n t r a c a v i t y  
power p a ra m e te r  a  i n  f i g u r e  11 . The s o l i d  l i n e  i s  an  e x p e r im e n ta l  f i t  o f  
t h e  e x p r e s s io n  f o r  h^ c a l c u l a t e d  by Okada and l e i r i ^ ^  and g iv e n  i n  
C h a p te r  I I .  The p a ra m e te r  P^ was v a r i e d  to  f i t  t h e  d a t a .  Good ag re e m e n t  
i s  o b t a i n e d  when P,  ^ = 1.7W.
The i n t r a c a v i t y  power as a f u n c t i o n  o f  pump power i s  shown i n  
f i g u r e  12. The t h r e s h o l d  f o r  t h e  second  ha rm on ic  dye  l a s e r  was i n  
th e  r e g i o n  o f  500 mW. From t h e  f i g u r e  i t  c a n  be  s e e n  t h a t  t h e  i n t r a ­
c a v i t y  power t e n d s  t o  s a t u r a t e  and e v e n t u a l l y  go th ro u g h  a maximum 
w i th  pump power a t  a  pump power o f  a b o u t  4W.
At even  h i g h e r  powers t h e  l a s e r  e v e n t u a l l y  s to p p e d  o s c i l l a t i n g .
T h is  o b s e r v a t i o n  i s  i n  c o n t r a s t  t o  t h e  b e h a v io u r  when t h e  l a s e r  was 
pumped w i th  t h e  h ig h  power m u ltim ode  p lasm a j e t  a rg o n  io n  l a s e r .  I n  t h i s  . '1 
c a s e  t h e  i n t r a c a v i t y  power was o b se rv e d  to  be  l i n e a r  i n  pump power up ]
a
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to  pump powers i n  e x c e s s  o f  lOW. The b e h a v io u r  was a l s o  l i n e a r  when 
t h i s  a rg o n  l a s e r  was used  to  pump t h e  o r i g i n a l  ADP c a v i t y .  In  
t h i s  c a s e  more t h a n  20W a rg o n  io n  power was used  and up to  50W 
i n t r a c a v i t y  power was g e n e r a t e d .  A p r o b a b le  e x p l a n a t i o n  f o r  t h i s  i s  
t h a t  when TEM^^ mode pumping was u sed  a v e r y  sm a l l  s p o t  was fo c u se d  
o n to  th e  j e t  and s t r o n g  th e r m a l  e f f e c t s  r e s u l t e d .  However when t h e  
m ultim ode  beam was fo c u s e d  w i th  t h e  same l e n s  t h e  fo c u s e d  s p o t  s i z e  
was much l a r g e r  and so th e rm a l  e f f e c t s  would o n ly  become s e r i o u s  a t  much 
h i g h e r  pump pow ers .
The above c a n n o t  be  t h e  co m p le te  e x p la n a t i o n  s i n c e  i t  was o b s e rv e d  t h a t  
when pumping a fu n d a m e n ta l  dye l a s e r  w i th  a TEE^^ mode a rg o n  io n  l a s e r  
th e  o u tp u t  power was l i n e a r  i n  pump power up t o  powers o f  a t  l e a s t  6.5W.
I t  was o n ly  when t h e  c r y s t a l  was i n  t h e  c a v i t y  t h a t  t h e  dye l a s e r  power 
s a t u r a t e d  w i th  pump pow er. T h is  may be  e x p la in e d  by a p o s s i b l e  o v e r a l l  
r e d u c t i o n  i n  t h e  s t a b i l i t y  o f  t h e  c a v i t y  when t h e  c r y s t a l  was i n c o r p o r a t e d ,  
t h e  combined e f f e c t  o f  th e rm a l  l e n s i n g  i n  t h e  dye  j e t  and th e rm a l  l e a s i n g  
i n  t h e  c r y s t a l  l i m i t i n g  t h e  maximum pump power.
I t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  
ADA c r y s t a l  u se d  i n  t h e s e  e x p e r im e n ts  by com paring  t h e  s h i f t  i n  p h a s e -  
m a tc h in g  w a v e le n g th  a t  c h a n g in g  i n t r a c a v i t y  power w i th  t h e  t e m p e r a tu r e  
r i s e  e x p e c te d  when a g iv e n  amount o f  i n t r a c a v i t y  power i s  a b s o r b e d .  The 
r i s e  i n  t e m p e r a tu r e  can  be  e s t i m a t e d  by knowledge o f  t h e  p h a s e -m a tc h in g  
w a v e le n g th  a g a i n s t  p h a s e -m a tc h in g  t e m p e ra tu re  c h a r a c t e r i s t i c s .
The r i s e  i n  t e m p e r a tu r e  on th e  a x i s  o f  a G a u s s ia n  beam when a 
power o f  p e r  u n i t  l e n g t h  i s  a b so rb e d  i s  g iv e n  by e q u a t io n  (55) o f
C h a p te r  I I  as
AT = T (0) -  T (co) = P ^6 i / 2 ttk^  (10) •
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and s in c e  t h i s  c an  be w r i t t e n
F  ■ <f> <r> ■0) w T
i t  i s  p o s s i b l e  to  e s t i m a t e  d j knowing o n ly  t h e  th e rm a l  c o n d u c t i v i t y
and th e  r a t i o s  ( ^ )  and ( | ^ )  . The change i n  p h a s e -m a tc h in g  w a v e le n g th
CO
as  a f u n c t i o n  o f  i n t r a c a v i t y  power was found  to  be  l i n e a r  and changed a t  
a r a t e  o f  a b o u t  0 .0 5  nmW""^  . T h is  r a t e  o f  change  was fou n d  to  be  in d e p e n d a n t  
o f  t h e  b u lk  c r y s t a l  t e m p e r a t u r e .  I t  h a s  a l s o  been  found  t h a t  t h e  change 
i n  p h a s e -m a tc h in g  w a v e le n g th  w i th  c r y s t a l  t e m p e ra tu re  i s  a l i n e a r  f u n c t i o n  
and  changes  a t  a r a t e  o f  0 ,3 7  nmK“ ^ , The v a lu e  o f  f o r  ADP i s  0 ,0 2  W 
cm""  ^ and i s  u n l i k e l y  to  be  v e r y  d i f f e r e n t  f o r  ADA and  so t h e  a b s o r p t i o n
c o e f f i c i e n t  i s  e s t i m a t e d  to  be  0 .0 1 5  cm"^ f o r  t h i s  sam ple o f  ADA.
With a knowledge o f  t h e  c r y s t a l  a b s o r p t i o n  c o e f f i c i e n t  and P ^ , i t  i s  
p o s s i b l e  t o  e s t i m a t e  3 , t h e  r a t e  o f  change o f  t h e  d i f f e r e n c e  i n  o r d i n a r y  
and e x t r a o r d i n a r y  r e f r a c t i v e  i n d i c e s  w i th  t e m p e r a tu r e  a s  d e f i n e d  i n  
e q u a t i o n  (66 ) o f  C h a p te r  I I ,  I t  can  be  e x p re s s e d  a s
T h e r e f o r e  a t  a fu n d a m e n ta l  w a v e le n g th  X = 600 nm , t h e  f a c t o r  3 i s  e s t im a te d  
to  be 1 .6  X 10-5 K-1 ,
The c r i t i c a l  d i s s i p a t e d  power w h ich  d e te r m in e s  when t h e  d iv e r g e n c e  
due to  th e r m a l  l e n s i n g  becomes com parab le  t o  t h e  d iv e r g e n c e  o f  t h e  fo c u s e d  
G au ss ian  beam c a n  now be  e s t i m a t e d .  T h is  power i s  g iv e n  i n  e q u a t i o n  (56) 
o f  C h ap te r  I I  a s
= X K .jO n^ /3T )- l  (13)
The v a lu e  o f  ( 9 n ^ / 3T) i s  n o t  known f o r  ADA b u t , i f  i t  i s  assumed t h a t  t h e  
m easured  v a lu e  o f  3 i s  a p p ro x im a te ly  eq u a l  to  ( 3 n ^ /3 T ) ,a n  o r d e r  o f
1
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m ag n itu d e  e s t i m a t e  f o r  P i s  P = 80 mW. For a 1 .5  cm lo n g  c r y s t a l  o f  
1 . 5% cm-1 a b s o r p t i o n  t h i s  c r i t i c a l  d i s s i p a t e d  power c o r r e s p o n d s  to  two 
way i n t r a c a v i t y  power o f  3W. The e x p e r im e n ta l  e v id e n c e  i n d i c a t e s  t h a t  
powers i n  t h e  r e g i o n  o f  20W can  be r e a c h e d  b e f o r e  th e rm a l  l e n s i n g  becomes 
r e a l l y  s e r i o u s .  T h is  l a c k  o f  ag reem en t  i s  p r o b a b ly  due to  th e  a s su m p t io n  
t h a t  t h e  c r y s t a l  a c t s  a s  a t h i n  l e n s , a n d  t o  u n c e r t a i n t i e s  i n  t h e  e f f e c t  
t h a t  such  a l e n s  has  on t h e  i n t r a c a v i t y  power and  c a v i t y  s t a b i l i t y .
The s a t u r a t i o n  o f  t h e  i n t r a c a v i t y  power w i th  pump power when
s i n g l e  mode pumping i s  u sed  i s  c l e a r l y  a  s e v e r e  l i m i t  t o  t h e  u l t i m a t e
e f f i c i e n c y  o f  t h e  second  ha rm o n ic  l a s e r .  More e f f o r t  w i l l  have  t o  go i n t o  
e s t a b l i s h i n g  w h e th e r  t h e  th e rm a l  l e n s  e f f e c t  i n  t h e  j e t  o r  t h e  th e rm a l  
l e n s  i n  th e  c r y s t a l  i s  t h e  more i m p o r t a n t .  I f  i t  i s  t h e  j e t  w hich  i s  t h e
more s e r i o u s ,  s t e p s  such  as  u s in g  new s o l v e n t s  can  be t a k e n  b u t  i f  i t  i s
th e  c r y s t a l  t h e  o n ly  way o f  a m e l i o r a t i n g  t h e  e f f e c t  i s  t o  r e d e s i g n  
c a v i t y  so t h a t  a th e rm a l  l e n s  h a s  l e s s  i n f l u e n c e  on th e  pow er.
The UV l i n e w i d t h  was e s t i m a t e d  by m ea su r in g  t h e  l i n e w i d t h  o f  t h e  
v i s i b l e  dye  l a s e r .  An u p p e r  l i m i t  on th e  UV l i n e w i d t h  i s  o b t a i n e d  by 
a ssum ing  t h a t  t h e  UV l i n e w i d t h  (cm"'^) i s  tw ic e  t h a t  o f  t h e  fu n d am e n ta l  
l i n e w i d t h  (cm” ^ ) .  The v i s i b l e  l i n e w i d t h  was m easured  u s in g  a F ab ry  P e r o t  
sc a n n in g  i n t e r f e r o m e t e r  w i th  a n  a d j u s t a b l e  p l a t e  s e p a r a t i o n .  A t y p i c a l  
s c a n  o f  t h e  v i s i b l e  l a s e r  l i n e w i d t h  i s  shown i n  f i g u r e  1 3 ,  The p l a t e  
s e p a r a t i o n  was 1 .5  mm w hich  c o r r e s p o n d s  to  a  f r e e  s p e c t r a l  r a n g e  o f  
app rox im ate ly -  3 .5  cm*"  ^ and  t h e  m easu red  v i s i b l e  l i n e w i d t h  was 1 ,3  cm-^ .
The UV l i n e w i d t h  was t h e r e f o r e  e s t i m a t e d  t o  be  l e s s  t h a n  2 ,6  cm”  ^ o r  
l e s s  t h a n  0 .0 2  nm a t  a  w a v e le n g th  o f  300 nm. When th e  l a s e r  was 
s u b s e q u e n t ly  used  i n  t h e  s tu d y  o f  t h e  h ig h  l y i n g  s t a t e s  o f  R b , th e  UV 
l i n e w i d t h  c o r re s p o n d e d  t o  0 .0 1 5  nm c o n f i rm in g  t h a t  t h e  e s t im a te d  l i n e w i d t h  




l a s e r  power, i n c r e a s i n g  s l i g h t l y  a t  h i g h e r  pow ers ,  so a r e a s o n a b le  
e s t i m a t e  o f  th e  UV l a s e r  l i n e w i d t h  i s  0 ,0 2  nm.
The l a s e r  l i n e w i d th  c o u ld  be s u b s t a n t i a l l y  red u c e d  by i n c l u d in g
*a Fabry P e r o t  é t a l o n  i n  t h e  c a v i t y .  A f u se d  s i l i c a  é t a l o n  o f  0 .5  mm
5t h i c k n e s s  d i e l e c t r i c a l l y  c o a te d  to  30% r e f l e c t i v i t y  a t  590 nm was
i n s e r t e d  in  t h e  c a v i t y .  The r e s u l t i n g  l i n e w i d t h  was m easured  i n  a
?manner s i m i l a r  to  t h e  b road b an d  l a s e r  and was e s t i m a t e d  to  be  0 .2  cm”  ^ 4%
o r 0 .0 0 2  nm a t  a w a v e le n g th  o f  300 nm. The i n t r a c a v i t y  power was
' j
r e d u c e d  by a f a c t o r  o f  a b o u t  two when th e  é t a l o n  was i n t r o d u c e d ,  Ç
However i t  was found  t h a t  t h e  UV power d i d  n o t  d rop  by th e  e x p e c te d  
f a c t o r  o f  f o u r  b u t  n e a r e r  to  a f a c t o r  o f  two. T h is  was a t t r i b u t e d
to  t h e  l i n e w i d t h  o f  t h e  b ro ad b a n d  v i s i b l e  l a s e r  b e in g  com parab le  to  
t h e  second  ha rm on ic  g e n e r a t i o n  b a n d w id th  o f  t h e  ADA c r y s t a l  a t  f i x e d  
t e m p e ra tu re  and o r i e n t a t i o n .  When th e  narrow band  l a s e r  was u se d  i t  was 
p o s s i b l e  t o  c e n t r e  t h e  l a s e r  w a v e le n g th  t o  t h e  maximum o f  t h e  ha rm on ic  
g e n e r a t i o n  c u rv e  and hence  e x t r a c t  r e l a t i v e l y  more UV power. The 
maximum e x t r a c t e d  second  ha rm o n ic  power w i t h  t h e  na rrow band  sy s tem  was 
10 mW.
V.5 Tuning th e  F requency  Doubled Dye L a s e r
B ecause o f  th e  n a rro w  w a v e le n g th  r a n g e  o v e r  w hich  p h a s e -m a tc h in g  
c an  be m a in ta in e d  i n  ADA a t  c o n s t a n t  t e m p e ra tu re ,  t h e  t e m p e r a tu r e  o f  th e  
c r y s t a l  m ust be changed p r o g r e s s i v e l y  w i th  t h e  l a s e r  w a v e le n g th  i f  th e  
l a s e r  i s  to  be  scanned  o v e r  more th a n  a b o u t  0 .1  nm. Two tu n in g  sy s tem s  
have  been  d e v lo p e d  to  a l lo w  t h e  second  ha rm on ic  l a s e r  t o  be  tu n e d  o v e r  
an e x te n d e d  r a n g e .  The f i r s t  i s  a  sy s tem  s u i t a b l e  f o r  t u n in g  th e  b r o a d ­
band 0 , 0 2  mm l a s e r  and  t h e  second  i s  s u i t a b l e  f o r  s c a n n in g  t h e  n a rro w ­
band l a s e r  w i th  l i n e w i d t h  0 .0 0 2  nm. The b road b an d  sy s tem  has  been  tuned  




r a n g e  o f  1 nm a ro u n d  295 nm, b o th  i n  a s i n g l e  s c a n .
In  th e  b roadband  tu n in g  s y s t e m , th e  l a s e r  w a v e le n g th  i s  tu n ed  by 
r o t a t i n g  t h e  b i r é f r i n g e n t  f i l t e r  w h i l e  a t  t h e  same t im e  ram ping  th e  
c r y s t a l  t e m p e r a t u r e .  The s im p l e s t  method o f  d o in g  t h i s  i s  t o  d e v i s e  a 
method w hereby th e  c r y s t a l  t e m p e r a tu r e  and th e  b i r é f r i n g e n t  f i l t e r ' s  
a n g u la r  s e t t i n g  a r e  b o th  made to  r e s p o n d  to  an  i n p u t  v o l t a g e .  They 
can  th e n  be ramped t o g e t h e r  and k e p t  i n  s t e p  by a  p r e s e t  p r o p o r t i o n a l  
d i v i s i o n  o f  th e  v o l t a g e .
The c r y s t a l  t e m p e r a tu r e  was made v o l t a g e  s e n s i t i v e  by m o d ify in g  
th e  t e m p e r a tu r e  c o n t r o l l e r  a s  shown i n  a p p e n d ix  A. B a s i c a l l y ,  t h e  in p u t  
v o l t a g e  a f t e r  g o in g  th ro u g h  a b u f f e r  s t a g e  i s  added to  one arm o f  t h e  |
p o t e n t i o m e t r i c  b r id g e  and so  ch an g es  t h e  b a la n c e  p o i n t .
The b i r é f r i n g e n t  f i l t e r ' s  a n g u la r  p o s i t i o n  was made v o l t a g e  s e n s i t i v e  b y - I  
t h e  • p o t e n t i o m e t r i c  b r i d g e  a r ra n g e m e n t  shown i n  a p p e n d ix  A. The f i l t e r  
d r i v e  mechanism was d i r e c t l y  co u p le d  to  a p o t e n t io m e te r  w hich se n se d  y
th e  f i l t e r  p o s i t i o n .  I f  t h e  b r id g e  i s  o f f - b a l a n c e  t h e  z e ro  e r r o r  v o l t a g e  
i s  a p p l i e d  to  an  a m p l i f i e r  w hich d r i v e s  a DC m o to r .  The f i l t e r  c o u ld  be 
s e t  w i t h  an  a n g u la r  a c c u r a c y  c o r r e s p o n d in g  t o  l e s s  t h a n  0 .0 2  nm i n  t h e  UV 
and had  a r e s p o n s e  t im e  o f  a b o u t  1 s e c ,
A l i n e a r  ramp v o l t a g e  was p r o v id e d  by a m o to r iz e d  p o t e n t i o m e t e r .
The o u t p u t  v o l t a g e  was a p p o r t i o n e d  b e tw een  th e  l a s e r  w a v e le n g th  c o n t r o l l e r  
and th e  t e m p e r a tu r e  c o n t r o l l e r  so  t h a t  p h a s e -m a tc h in g  was m a in ta in e d  a t  
t h e  l a s e r  w a v e le n g th . -  B ecause  o f  t h e  th e rm a l  c a p a c i t y  o f  t h e  c r y s t a l  h o l d e r ,  
t h e  maximum l i n e a r  t e m p e r a tu r e  r i s e  was 1°C p e r  m in u te .  T h is  i s  e q u iv a l e n t  
to  a maximum UV s c a n n in g  r a t e  o f  0 . 2  nm p e r  m in u te .  The l a s e r  c o u ld  be 
scanned  o v e r  a  r a n g e  o f  2 nm b e f o r e  t h e  f i l t e r  and c r y s t a l  t e m p e r a tu r e  went 
o u t  o f  s t e p  and ha rm o n ic  g e n e r a t i o n  c e a s e d . I
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An a l t e r n a t i v e  a p p ro ach  t o  p r o p o r t i o n a l  c o n t r o l  t h a t  has  been  used  
was t o  lo c k  th e  fu n d am e n ta l  w a v e le n g th  to  m axim ise UV power o u t p u t .
In  t h i s  way th e  t u n in g  o f  t h e  b i r é f r i n g e n t  f i l t e r  a u t o m a t i c a l l y  f o l lo w s  
th e  c r y s t a l  t e m p e r a tu r e .  The UV power i s  maximised by m o d u la t in g  th e  
b i r é f r i n g e n t  f i l t e r ,  and lo c k in g  o n to  th e  z e ro  i n  t h e  a m p l i tu d e  o f  th e  
r e s u l t i n g  m o d u la t io n  o f  UV power. (T h is  o c c u rs  a t  t h e  peak  o f  t h e  second  
ha rm on ic  tu n in g  c u r v e . )  The s i g n a l  from  a d e t e c t o r  m o n i to r in g  t h e  UV 
power i s  f e d  th ro u g h  a p h a se  s e n s i t i v e  d e t e c t o r  and t h e n  th ro u g h  a d o u b le  
i n t e g r a t o r .  The l a t t e r  g iv e s  a 12 dB p e r  o c ta v e  r o l l - o f f  w e l l  be low  
th e  m o d u la t io n  f r e q u e n c y  f a l l i n g  to  a 6 dB p e r  o c ta v e  r o l l - o f f  c l o s e  t o  
th e  m o d u la t io n  f r e q u e n c y .  The p h a se  s e n s i t i v e  d e t e c t o r  and f i r s t  
i n t e g r a t o r  were a l o c k - i n  a m p l i f i e r  (B rookdeal 401) and th e  second 
i n t e g r a t o r  was b u i l t  to  t h e  NPL d e s ig n  w hich  i s  d e s c r i b e d  i n  a p p e n d ix  A. 
The o u tp u t  from  t h e  d o u b le  i n t e g r a t o r  i s  f e d  to  t h e  v o l t a g e  s e n s i t i v e  
d r i v e  mechanism on  th e  b i r é f r i n g e n t  f i l t e r .  The r e s p o n s e  t im e  o f  th e  
m e c h a n ic a l  t u n in g  sy s te m  was l e s s  th a n  one se co n d .  The m o d u la t io n  
f re q u e n c y  was t h e r e f o r e  ch o sen  to  be  1 Hz and t h e  i n t e g r a t i o n  t im e  
o f  th e  f i r s t  i n t e g r a t o r  e i t h e r  3 se c  o r  10 se c  d e p e n d in g  on th e  t i g h t n e s s  
o f  l o c k  r e q u i r e d .  The a m p l i tu d e  o f  t h e  w a v e le n g th  m o d u la t io n  c o r re s p o n d e d  
to  0 .0 2  nm peak  t o  pealc, and was n e c e s s a r y  t o  overcome t h e  n o i s e  due 
to  i n t e n s i t y  f l u c t u a t i o n s  a t  t h i s  f r e q u e n c y .  T h is  t u n in g  sy s tem  had a 
r a n g e  o f  3 nm i n  t h e  UV ( l i m i t e d  o n ly  by t h e  i n t e g r a t o r  o u tp u t  v o l t a g e )  
a t  a  r a t e  o f  0 .4  nm p e r  m in .  However, th e  s lo w n ess  o f  th e  t u n in g  e lem en t  
and  th e  i n t e n s i t y  f l u c t u a t i o n s  i n  t h e  l a s e r  m eant t h a t  t h e  l o c k  co u ld  
be e a s i l y  l o s t .  I t  w i l l  e v e n t u a l l y  be  i n t e r e s t i n g  t o  u s e  t h i s  sy s tem  
w i th  e l e c t r o - o p t i c a l  m o d u la t io n  so t h a t  h i g h e r  m o d u la t io n  a m p l i tu d e  and 
c o n s e q u e n t ly  a t i g h t e r  l o c k  can  be m a i n ta i n e d .  A p ro p o se d  method o f  d o in g  
t h i s  w i l l  be  d e s c r i b e d  l a t e r .
The narrow band  tu n in g  was acco m p lish e d  by t i l t i n g  a t h i n  é t a l o n
i
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i n s i d e  th e  l a s e r  c a v i t y .  I n  o r d e r  to  a v o id  jumps i n  th e  l a s e r  
o s c i l l a t i o n  f re q u e n c y  e v e ry  f r e e  s p e c t r a l  r a n g e  o f  t h e  é t a l o n  (0 . 2  nm) 
th e  b i r é f r i n g e n t  f i l t e r  m ust be tuned  w i th  th e  é t a l o n .
I f  th e  o s c i l l a t i o n  f r e q u e n c y  i s  when th e  é t a l o n  i s  s e t  normal 
to  t h e  l a s e r  b e a m ,th e  change  i n  o s c i l l a t i o n  f r e q u e n c y  i n  t i l t i n g  t h e  
é t a l o n  th ro u g h  an  a n g le  0 i s
Av = -  V ” 2^ ^  (1 *" C O S 0 )  = (1 -  C O S 0 )  (14)
where t  i s  t h e  t h i c k n e s s  o f  t h e  é t a l o n  and n i s  i t s  r e f r a c t i v e  in d e x .  
P ro v id e d  t h a t  0 i s  sm a l l  t h e  change  i n  o s c i l l a t i o n  f re q u e n c y  i s  
a p p ro x im a te ly  g iv e n  by
Av/v^ = 0 2 /2  (15)
The l o s s  i n t r o d u c e d  by t i l t i n g  an  é t a l o n  due to  i n t e r n a l  beam w a lk - o f f
. . 11 c an  be w r i t t e n  as
i  = [ R / (1 -  r 2 ) 2  ] (2 t0 /nW g)2 (16)
w here R i s  t h e  r e f l e c t i v i t y  o f  t h e  é t a l o n  and w^ i s  t h e  s p o t  s i z e  o f  
t h e  G auss ian  mode on th e  é t a l o n .  T h is  e q u a t io n  i s  v a l i d  p ro v id e d  th e  
v a lu e  o f  t h e  l o s s  i s  s m a l l  (jt < 10%) and t h a t  t h e  r e f l e c t i v i t y  i s  
r e a s o n a b ly  l a r g e  (R > 15%). The t h i n  é t a l o n  used  was made o f  f u s e d  s i l i c a  
and was 0 .5  mm t h i c k  and d i e l e c t r i c a l l y  c o a te d  t o  a b o u t  30% r e f l e c t i v i t y  
a t  590 nm. Assuming a  s p o t  s i z e  o f  1 mm on t h e  é t a l o n , t h e  l a s e r  can  be 
tu n ed  th ro u g h  ab o u t  10 nm a t  300 nm f o r  a n  i n c r e a s e  i n  l i n e a r  l o s s  o f
o n ly  1%. T h is  would r e q u i r e  an a n g u la r  t i l t  o f  a b o u t  1 5 ° .  ]JThe é t a l o n  was t i l t e d  u s in g  a t o r s i o n  g a lv a n o m e te r  (G en e ra l  S c a n n in g ,  type^ 
3 0 8 ) .  T h is  s c a n n e r  c o u ld  be t i l t e d  up to  6°  e i t h e r  s i d e  o f  z e ro  and c o u ld  
be s e t  to  an  a c c u ra c y  o f  a b o u t  1% o f  i t s  t o t a l  e x c u r s i o n .  I n  o r d e r  t h a t
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th e  l a s e r  f r e q u e n c y  be scanned  l i n e a r l y  w i th  t h e  i n p u t  v o l t a g e , i t  i s  
n e c e s s a r y  t o  e l e c t r o n i c a l l y  t a k e  t h e  s q u a re  r o o t  o f  t h e  i n p u t  v o l t a g e .
The c i r c u i t  w hich  was u se d  to  do t h i s  i s  shown i n  a p p e n d ix  A a lo n g  
w i th  t h e  power a m p l i f i e r  c i r c u i t  to  t h e  g a lv a n o m e te r .  The s q u a re  r o o t  
c i r c u i t  i s  f a i r l y  s im p le  b u t  s u f f e r s  from  t h e  d i s a d v a n t a g e  t h a t  a t  low 
in p u t  v o l t a g e s , d c  o f f - s e t s  can  g iv e  r i s e  to  l a r g e  e r r o r s  i n  th e  o u t p u t .
The l a s e r  f r e q u e n c y  was t h e r e f o r e  n o t  c o m p le te ly  l i n e a r  o v e r  t h e  t u n in g  
r a n g e .
When tu n in g  t h e  na rrow band  UV sys tem  i t  i s  n e c e s s a r y  to  gang 
t o g e t h e r  t h e  t i l t i n g  é t a l o n ,  t h e  b i r é f r i n g e n t  f i l t e r  and th e  c r y s t a l  
t e m p e r a tu r e .  T h is  was done by s u i t a b l y  a p p o r t i o n i n g  t h e  ramp v o l t a g e  
to  th e  i n p u t s  o f  t h e  d r i v e  a m p l i f i e r s  o f  t h e  t h r e e  d i f f e r e n t  e le m e n ts  
i n  a s i m i l a r  way t o  t h e  method d e s c r i b e d  f o r  t h e  b roadband  sy s tem  ( se e  
f i g u r e  1 4 ) ,  A tu n in g  r a n g e  o f  1 nm i n  t h e  UV has  b een  o b ta in e d  w i t h  t h i s  
a r ra n g e m e n t  and was l i m i t e d  m a in ly  by th e  maximum e x c u r s io n  o f  t h e  
s c a n n in g  g a lv a n o m e te r .
V.6 P roposed  Improvements
A lth o u g h  t h e  d e s ig n  o f  a f r e q u e n c y  d o u b led  dye l a s e r  has  been  
q u i t e  s u c c e s s f u l  i n  p ro d u c in g  t u n a b l e  UV r a d i a t i o n  and i s  c a p a b le  o f  
p ro d u c in g  a b o u t  50 mW a t  295 nm w i t h  a l i n e w i d t h  o f  0 .0 2  nm f o r  a pump 
power o f  a b o u t  5W t h e r e  a r e  s e v e r a l  ways i n  w hich  t h e  d e s ig n  may be  
improved i n  t h e  f u t u r e .
The f i r s t  o f  t h e s e  im provem ents  in v o lv e s  e x t r a c t i n g  more o f  th e  
g e n e r a te d  second  h a rm o n ic  power from  t h e  c a v i t y  by a d d in g  an  in d e x  m a tc h in g  
o i l  be tw een  th e  c r y s t a l  and window. The second  improvement would be 
t o  i n c r e a s e  t h e  c r y s t a l  l e n g t h  so t h a t  coma and a s t i g m a t i s m  can  be 
s im u l ta n e o u s ly  c o r r e c t e d .  Both o f  t h e s e  im provem ents a r e  f a i r l y  
s p e c u l a t i v e  i n  t h e  s e n s e  t h a t  t h e y  w i l l  o n ly  be  shown to  be im provem ents
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by e x p e r im e n t .  The f i n a l  im provement t h a t  i s  t o  be d i s c u s s e d  i s  t h e  
u se  o f  s e rv o  lo c k in g  t e c h n i q u e s  to  im prove t h e  t u n in g  ra n g e  o f  th e  g
b roadband  second  ha rm o n ic  sy s te m .
I
I
I t  has  a l r e a d y  b e e n  m en tio n ed  t h a t  a b o u t  40% o f  t h e  UV r a d i a t i o n
i s  l o s t  by r e f l e c t i o n  i n  go in g  from  t h e  c r y s t a l  to  o u t s i d e  t h e  c r y s t a l
c e l l .  I f  t h e  c r y s t a l  i s  t o  be s e a l e d  i n  a h e r m e t i c  c e l l ,  and i f  p h a s e  -
m a tch ing  f l u i d s  a r e  t o  be  a v o id e d ^ t h i s  l o s s  i s  i n e v i t a b l e .  One o f  t h e
m ajo r  f e a t u r e s  o f  t h i s  l a s e r  d e s ig n  i s  t h a t  p h a s e -m a tc h in g  f l u i d s  a r e
a v o id e d  s in c e  i t  h a s  b e e n  r e p o r t e d  t h a t  c r y s t a l  damage i s  t h e  f a c t o r  w hich
12l i m i t s  t h e  e f f i c i e n c y  and l i f e t i m e  o f  t h e  c r y s t a l s  . T h is  d e s ig n  a p p e a r s  
to  have  been  s u c c e s s f u l  i n  t h i s  r e g a r d  s in c e  c r y s t a l s  have  b een  o p e r a te d  
i n  c a v i t i e s  w i th  one-way powers i n  e x c e s s  o f  40W w i th o u t  s ig n s  o f  damage 
o v e r  p e r i o d s  o f  many m o n th s .  However a 40% UV l o s s  i s  q u i t e  s i g n i f i c a n t  
and i t  may be  t h a t , f o r  some low power a p p l i c a t i o n s , i t  i s  d e s i r a b l e  to  
e x t r a c t  t h e  maximum UV. W e ll in g ^  h a s  r e p o r t e d  t h a t  when s i l i c o n e  o i l  i s  
u sed  a s  a m a tc h in g  f l u i d , c r y s t a l  damage i s  a v o id e d .  I t  i s  c e r t a i n l y  
w o r th  e x p e r im e n ta l  i n v e s t i g a t i o n  i n  t h i s  sy s tem  t o  s e e  i f  a  t h i n  l a y e r  o f  
s i l i c o n e  o i l  be tw een  th e  c r y s t a l  and window would l e a d  t o  any damage |
p ro b le m s .  . ' -
The r e f r a c t i v e  in d e x  o f  ADA a t  590 nm i s  1 . 5 7 ,  t h e  r e f r a c t i v e  in d e x  
o f  f u se d  q u a r t z  i s  1 .46  and t h e  r e f r a c t i v e  in d e x  o f  Bayer s i l i c o n e  o i l  
i s  1 , 4 0 .  The s l i g h t  d i f f e r e n c e s  i n  r e f r a c t i v e  in d e x  be tw een  t h e  s u r f a c e s  
w i l l  g iv e  r i s e  t o  r e s i d u a l  r e f l e c t i o n  l o s s e s  a t  fu n d a m e n ta l  even  i f  one 
o f  th e  s u r f a c e s  i s  s e t  a t  B r e w s t e r ' s  a n g le .  A sm a l l  r e f l e c t i o n  l o s s  
f o r  t h e  fu n d am e n ta l  c o u ld  s e v e r e l y  r e d u c e  th e  i n t r a c a v i t y  power
V.26
and i t  i s  t h e r e f o r e  im p o r ta n t  to  know th e  r e f l e c t i o n  c o e f f i c i e n t  
be tw een  a medium o f  r e f r a c t i v e  in d e x  n s e t  a t  B r e w s t e r ' s  a n g le  
and a medium o f  r e f r a c t i v e  in d e x  n + 6n where 6n i s  s m a l l  compared 
to  n .
The r e f l e c t i o n  c o e f f i c i e n t  f o r  an  s - p o l a r i s e d  w a v e ( ie  a  wave f o r  J
%w hich t h e r e  i s  a  B re w s te r  a n g l e ) i s  g iv e n  by ]
{ n / ( n  + 6n ) } c o s 0 ^ -  c o s 0  ^ ^
^ s  ^ n / ( n  + 6n ) } c o s 0^ -  c o s 0^  ^ ( i7 )
and th e  c o r r e s p o n d in g  p - p o l a r i s e d  r e f l e c t i o n  c o e f f i c i e n t  i s
-  c o s 0^ + { n /(n  + 6n ) } c o s 0 ^ ^
^ p   ^ c o s 0^ + { n /(n  + ô n )} c o s 0^ ^
w here  0 ^ and 0^ a r e  t h e  i n c i d e n c e  a n g le  and t h e  a n g le  o f  t h e  t r a n s m i t t e d  |
beam r e s p e c t i v e l y .  Making th e  a s su m p t io n  t h a t  n >> 6n t h e s e  r e d u c e  to  Ï
6n ( l  "T 2 c o s ^ e . )  ^ *
Rs = [ ------------ 5-------------1-  (19)
2n cos ©1 -  6n
<Sn (1 -  2 cos^d . ) r.
R .  [ ------------ 5--------------------1--------- ÎT -- ]  (20 )2 n cos  ©1 + 6n ( l  -  2 cos  B^)
2 —1At B r e w s t e r ' s  a n g le  tanB^ = n and cosO^ = (n + 1 )  and  so t h e s e  r e d u c e  
to
R = [ 5 n ( n l z 3 1 -------- ] 2
2n -  0n ( n  + 1 )
B r 6n (n ^  -  1 ) -, 2
^ p  2n + 6n (n ^  -  1) I
3
I f  i t  i s  assumed t h a t  6n = 0 ,1  and n = 1 .5 ,  t h e n  R = 0,22% and R = 0.16%, q' s p
IIn  g o in g  th ro u g h  a c e l l  w i th  two windows th e  t o t a l  l o s s  a t  th e  f u n d a -  ,3
,1
m en ta l  w a v e le n g th  w i l l  be 4 x 0.22% w hich i s  a lm o s t  1%. T h is  l o s s  i s  h i g h e r  .;| 
th a n  i s  d e s i r a b l e  b u t  t h e  g a in  i n  UV o u tp u t  e f f i c i e n c y  may w e l l
V.27
com pensa te  t h e  r ed u c e d  i n t r a c a v i t y  power.
c u r v a t u r e  i f  th e  t h e o r y  i s  t o  be f u l l y  t e s t e d .  For a c r y s t a l  o f  t h i s
a p p a r e n t  th a n  i n  th e  1 .5  cm c r y s t a l  u se d  so f a r .  However, t h e  improvement
A
X.
The th e o r y  o f  coma and a s t i g m a t i c  c o m p e n sa t io n  d i s c u s s e d  i n  
C h a p te r  IV i n d i c a t e s  t h a t  , i f  coma and a s t ig m a t i s m  a r e  to  be s im u l ta n e o u s ly  -| 
c o m p e n sa te d , a c o m p e n sa t io n  a n g le  o f  2 9 .1 °  i s  r e q u i r e d .  T h is  means t h a t  
a c r y s t a l  o f  6 . 0  cm w i l l  be  r e q u i r e d  f o r  m i r r o r s  o f  10 cm r a d i u s  o f  •
3l e n g t h , t h e  th e rm a l  p h ase  m ism atch in g  and  l e n s i n g  e f f e c t s  w i l l  be  more - -1
i n  th e  c a v i t y  beam q u a l i t y  and  l i n e a r  l o s s  may w e l l  make t h e  com pensa ted  |
(I
c a v i t y  w i th  a lo n g  c r y s t a l  an e f f i c i e n t  d e v i c e .  T h i s ,  l i k e  t h e  in d e x ;
m a tc h in g  o i l  can  o n ly  r e a l l y  be t e s t e d  by e x p e r im e n t .  ,4I
The f i n a l  im provem ent d i s c u s s e d  h e r e  i s  th e  u s e  o f  t h e  P o c k e ls  
e f f e c t  t o  p r o v id e  a m o d u la t io n  i n  t h e  UV i n t e n s i t y  so t h a t  a s e rv o  sy s tem  
can  be u sed  to  l o c k  t h e  l a s e r  f re q u e n c y  to  t h e  maximum UV o u t p u t .  T h is  
would be  s i m i l a r  t o  t h e  m ethod o f  lo c k in g  w hich was d e s c r i b e d  e a r l i e r  
when a  UV m o d u la t io n  was p r o v id e d  by c hang ing  t h e  l a s e r  f r e q u e n c y .  The 
a d v a n ta g e  o f  t h i s  m ethod i s  t h a t  a h ig h  m o d u la t io n  f r e q u e n c y  can  be  used  
w here t h e  l a s e r  i n t e n s i t y  n o i s e  i s  s m a l l .  A second  a d v a n ta g e  i s  t h a t  th e
f r e q u e n c y  o f  t h e  l a s e r  does  n o t  have  to  be m o d u la te d .  ^
I f  a c r y s t a l  i s  c u t  so t h a t  0^  = 90° and th e  fu n d am e n ta l  beam p r o p a g a te s  ■,
a t  45° to  b o th  t h e  x and y - a x i s  w i th  an  e l e c t r i c  f i e l d  a p p l i e d  a lo n g  t h e
z - a x i s ,  a s  i n  t h e  c a s e  o f  a t r a n s v e r s e  e l e c t r o - o p t i c  m o d u la to r ,  o n ly
th e  o r d i n a r y  r e f r a c t i v e  in d e x  w i l l  be  changed by th e  e l e c t r i c  f i e l d .  :;J
13The m ag n i tu d e  of  t h e  change  o f  t h e  o r d i n a r y  r e f r a c t i v e  in d e x  i s  g iv e n  by j
An^ = rgg n^5 g / 2  (23)
w here rgg i s  t h e  e l e c t r o - o p t i c  c o n s t a n t  (rgg  « 9 x 10"'^2 ^  y - l  ADA), 
i s  t h e  c r y s t a l  l e n g t h  and  E i s  t h e  a p p l i e d  e l e c t r i c  f i e l d .  I f  t h e
V.28
p h a s e -m a tc h in g  c o n d i t i o n  i s  s a t i s f i e d  i n  t h e  a b sen c e  o f  an  e l e c t r i c  
f i e l d  th e  p h a se -m ism a tc h  on a p p l i c a t i o n  o f  a f i e l d  becomes 
2wAn
Ak = — ° = w r 0 3  n^5 e / c . (24)
The e f f e c t  o f  a sm a l l  m ism atch  on second  harm onic  g e n e r a t i o n  can  be
o b ta in e d  by expand ing  t h e  p h a se  sy n c h ro n ism  f a c t o r  i n t r o d u c e d  i n
C h a p te r  I I  a b o u t  t h e  p h a se -m a tc h ed  c o n d i t i o n .  T h is  g iv e s
s in 2  (Ak&/2)  ^ „ 2 (Ak&)2 (25 )
(Ak&/2)2 41
I n s e r t i n g  t h e  e x p r e s s i o n  f o r  Ak o f  (24) i n t o  (25) g iv e s  t h e  f r a c t i o n a l
change i n  second  ha rm on ic  power due  t o  an  a p p l i e d  v o l t a g e  V a c r o s s  a
c r y s t a l  o f  t h i c k n e s s  t  as
Af2w/P2w = (----------------------) TfZ (26)3 t%
w here  X i s  t h e  w a v e le n g th  o f  t h e  fu n d a m e n ta l .  For  an  ADA c r y s t a l  o f  
l e n g t h  1 .5  cm and t h i c k n e s s  0 .5  cm t h e  f r a c t i o n a l  change  i n  UV power i s
AP2w/P2w = 2 .3  X 1 0 - 8  . (27)
Thus an a p p l i e d  v o l t a g e  o f  660 V w i l l  r e d u c e  t h e  ha rm on ic  o u tp u t  by 1%.
An o s c i l l a t i n g  v o l t a g e  be tw een  OV and 660V s h o u ld  be more th a n  
a d e q u a te  to  p r o v id e  a d e t e c t a b l e  m o d u la t io n  on t h e  seco n d  harm on ic  o u t p u t .  
The m o d u la t io n  can  be d e t e c t e d  by  a p h a s e  s e n s i t i v e  d e t e c t o r  w hich w i l l  
p r o v id e  a z e ro  c r o s s i n g  s i g n a l  when t h e  UV i n t e n s i t y  i s  a maximum.
The z e ro  e r r o r  can  be  a p p l i e d  to  t h e  t u n in g  e le m e n t  to  lo c k  th e  l a s e r  
f r e q u e n c y  on to  t h e  maximum second  h a rm o n ic .  T un ing  i s  t h e n  
a c co m p lish e d  by  c h a n g in g  t h e  c r y s t a l  t e m p e r a t u r e .  Servo c i r c u i t s  
s u i t a b l e  f o r  d o in g  t h i s  w i l l  be  d e s c r i b e d  i n  A ppendix  A,
V.29
T h is  t u n in g  sy s tem  sh o u ld  be s u p e r i o r  t o  t h e  e a r l i e r  sy s tem  w here 
th e  l a s e r  f r e q u e n c y  was m o du la ted  s i n c e  t h e  r e s p o n s e  o f  t h e  sy s tem  i s  
much f a s t e r  and t h e  m o d u la t io n  can  be a p p l i e d  a t  a f r e q u e n c y  w here 
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T a b le  1 P a ra m e te r s  u se d  to  c a l c u l a t e  t h e  r e f r a c t i v e  i n d i c e s  o f  
ADP from  t h e  d a t a  o f  Zernilce '^^
^e no
A 2.163077 2.302484 A%
B 9.670312  X  10-11 1.117089 X  10-10
C 7.785289 x  10^ 7.605372  X  10^
D 1.451540  X  lOG 3.751806 X  lOG
E 2 .5  X  105 2 .5  X  105
F 15 3 .0 14 3 .3 1
G -0 .9 6 9 - 0 .6 1 8




















































F ig u re  2. Phase  m a tc h in g  t e m p e r a t u r e  o f  ADP a s  a f u n c t i o n  o f  
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F ig u re  4 ,  G en e ra ted  second  ha rm on ic  power a s  a f u n c t i o n  o f  
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F ig u re  9. E x p e r im e n ta l  p l o t  o f  p h a se  m atch in g  w a v e le n g th  
a s  a f u n c t i o n  o f  c r y s t a l  t e m p e ra tu re  f o r  ADA.
<4
2 5 10FUNDAMENTAL POWER (W )
F ig u re  10. Second h a rm o n ic  o u t p u t  power as a f u n c t i o n  o f  
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F ig u re  12. The i n t r a c a v i t y  fu n d a m e n ta l  power i n  one  d i r e c t i o n  as  a
f u n c t i o n  o f  t h e  power from  a s i n g l e  l i n e  TEM mode a rg o n  
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STUDY OF THE RYDBERG STATES OF 
RUBIDIUM USING A SECOND HARMONIC DYE LASER
A b s t r a c t
Some o f  th e  b a s i c  p r o p e r t i e s  o f  a l k a l i  m e ta l  atoms in  
h ig h  l y i n g  Rydberg s t a t e s  a r e  o u t l i n e d .  A r e v ie w  o f  c u r r e n t  
e x p e r im e n ta l  m ethods o f  e x c i t i n g  and d e t e c t i n g  Rydberg atoms 
i s  th e n  g iv e n .
The c r e a t i o n  and d e t e c t i o n  o f  th e  ru b id iu m  Rydberg 
s t a t e s  u s in g  th e  f r e q u e n c y  d o ub led  dye l a s e r  and a n o v e l  space  
c h a rg e  l i m i t e d  t h e r m io n ic  i o n i z a t i o n  d e t e c t o r  i s  d e s c r i b e d .
The new f e a t u r e  o f  th e  s p a c e  c h a rg e  l i m i t e d  d e t e c t o r  i s  t h a t  i t  
i s  i n  the  form o f  a s t a i n l e s s  s t e e l  oven w i th  a s im p le  i o n i z a t i o n  
p ro b e  i n s e r t  as opposed  to  p r e v io u s  g l a s s  c e l l s .  A t r i o d e  a r r a n g e ­
ment o f  p ro b e s  a l lo w s  th e  io n s  to  be  c r e a t e d  i n  a f i e l d  c o n t r o l l e d  
r e g io n  and d e t e c t e d  i n  a  s p a c e  c h a rg e  l i m i t e d  r e g i o n .
U sing  t h i s  d e t e c t o r  i t  h a s  b e e n  p o s s i b l e  to  d e t e c t  th e  
p r i n c i p a l  s e r i e s  o f  Rb f o r  s t a t e s  o f  p r i n c i p a l  quantum number 
r a n g in g  from  n = 23 to  n = 50 u s in g  th e  b ro ad b an d  (0.02nm) v e r s i o n  
o f  th e  f r e q u e n c y  d o u b led  dye l a s e r .  By g o in g  to  th e  narrow band  (0.002nm) 
v e r s i o n  o f  th e  l a s e r ,  s t a t e s  up to  a p r i n c i p a l  quantum number o f
n = 74 have been  d e t e c t e d .  By a p p ly in g  a sm a l l  e l e c t r i c  f i e l d  i n  t h e
2 2f i e l d  c o n t r o l l e d  zone i t  h a s  been  p o s s i b l e  to  S t a r k  mix th e  S, P 
2 .and D s e r i e s  and b r e a k  th e  d i p o le  s e l e c t i o n  r u l e s .  New te rm  v a lu e s
2 2 2 2 o f  th e  n S and n D s e r i e s  up to  54 S and 52 D have been  m easured
to  an a c c u ra c y  o f  0 .3  cm ^ by u s in g  th e  a c c u r a t e l y  known n^P s e r i e s
terra v a lu e s  a s  r e f e r e n c e s .
A new ’ s a t u r a t e d  i o n i z a t i o n *  te c h n iq u e  o f  D opp le r  f r e e
(Chapter  VI A b s t r a c t  c o n t i n u e d )
s p e c t r o s c o p y  f o r  h ig h  ly in g  s t a t e s  i s  d e s c r i b e d .  The 
f e a s i b i l i t y  o f  th e  m ethod i s  a s s e s s e d  f o r  th e  c a s e  o f  
th e  Rydberg s t a t e s  o f  ru b id iu m  e x c i t e d  by a s i n g l e  
f re q u e n c y  second  ha rm on ic  dye l a s e r .  More a c c u r a t e  d a t a  
on f i n e  s t r u c t u r e  s p l i t t i n g s  and S t a r k  s h i f t s  a r e  o b t a i n a b l e  
w i th  t h e  m ethod.
" - qI
• IIV I . 1
V I .1  I n t r o d u c e i o n
In  t h i s  c h a p te r  we d e m o n s t r a te  t h e  r e s o l u t i o n  and t u n a b i l i t y  o f  
t h e  CW f re q u e n c y  d o u b led  dye l a s e r  as  a s o u rc e  f o r  u l t r a v i o l e t  s p e c t r o s c o p y  
by d e s c r i b i n g  i t s  u s e  i n  a s tu d y  o f  t h e  h ig h  Rydberg s t a t e s  o f  
ru b id iu m .
The Rydberg s t a t e s  a r e  e s s e n t i a l l y  h y d ro g e n ic  and a r e  c h a r a c t e r i s e d  
by v e r y  long  l i f e t i m e s ,  l a r g e  p o l a r i z a b i l i t i e s  and S t a r k  s h i f t s ,  low 
b in d in g  e n e r g i e s , a n d  l a r g e  o r b i t a l  r a d i i .  D e s p i te  t h e i r  s i m i l a r i t i e s  to  
t h e  hyd rogen  atom i n  some o f  t h e i r  p r o p e r t i e s ,  t h e  Rydberg s t a t e s  o f  th e  
a l k a l i  atom s show v e r y  p ronounced  d i f f e r e n c e s .  Forem ost among t h e s e  
d i f f e r e n c e s  has  b een  th e  i n v e r t e d  n a t u r e  o f  t h e  f i n e  s t r u c t u r e  o f  t h e  n^D 
s t a t e s  i n  t h e  s e n s e  t h a t  t h e  n^Dg/g s t a t e  i s  more e n e r g e t i c  th a n  th e  
n^Dg/2  s t a t e  * . Some a n o m a l ie s  i n  th e  h y p e r f i n e  s t r u c t u r e  have  a l s o  b een   ^
o b s e rv e d ^ .  The f i n e  s t r u c t u r e  o f  t h e  ^D s t a t e s  o f  th e  a l k a l i s  i s  i n  |
c o m p le te  c o n t r a s t  t o  t h a t  o f  h y d ro g en  and has  b e e n  one o f  th e  more
3p u z z l in g  f e a t u r e s  o f  t h e  a l k a l i  Rydberg a tom s. R ecen t  t h e o r e t i c a l  and
improved e x p e r im e n ta l  s t u d i e s ^  h av e  h e lp e d  t o  r e s o l v e  some o f  t h e  
d i f f e r e n c e s ,
I n  t h i s  c h a p t e r  we b r i e f l y  r e v ie w  some o f  t h e  p r o p e r t i e s  o f  h ig h  
l y in g  Rydberg s t a t e s  w i t h  p a r t i c u l a r  r e f e r e n c e  to  t h e  a l k a l i  m e t a l s .  We 
th e n  d e s c r i b e  some o f  t h e  c u r r e n t  m ethods o f  p ro d u c in g  and d e t e c t i n g  
Rydberg s t a t e s .  The d ev e lo p m en t o f  a n o v e l  s p a c e  c h a rg e  l i m i t e d  i o n i z a t i o n  
d e t e c t o r  f o r  m o n i to r in g  Rydberg s t a t e s  i s  d e s c r i b e d .  The d e t e c t o r  a l lo w s  
a sm a l l  e l e c t r i c  f i e l d  to  be  a p p l i e d  i n  a f i e l d  c o n t r o l l e d  zone .
The u s e  o f  t h i s  d e t e c t o r  i n  c o n ju n c t io n  w i th  t h e  f r e q u e n c y  d o u b led  
dye l a s e r  a l lo w s  t h e  h ig h  l y i n g  s t a t e s  o f  Rb to  be  o b s e rv e d .  The n^P
VI.  2
s c r i e s  up to  n « 74 has  been  e x c i t e d  u s in g  th e  na rrow  band v e r s i o n  o f  |
t h e  dye l a s e r .  By a p p ly in g  a sm a l l  e l e c t r i c  f i e l d  th e  ^S , and |
s e r i e s  have  been  e x c i t e d  d i r e c t l y  from  t h e  ground s t a t e .  The te rm  v a lu e s
o f  t h e  and s e r i e s  up to  54^8 and 52^D have been  m easured  u s in g  th e  ^
n^P s t a t e s  a s  r e f e r e n c e s .
We c o n c lu d e  by p r o p o s in g  a new D o p p l e r - f r e e  e x p e r im e n t  w hich i t  sh o u ld  
be  p o s s i b l e  t o  p e r fo rm  w i th  m o d if ie d  form s o f  th e  e x i s t i n g  a p p a r a t u s ,
V I . 2 P r o p e r t i e s  o f  Rydberg Atoms
The e n e rg y  l e v e l s  o f  an  a l k a l i  m e ta l  atom can  be f a i r l y  a c c u r a t e l y  |
e x p re s s e d  i n  a s e r i e s  o f  t h e  fo rm  v
E "  -  — ~—  -  -  — ~—  (1 )
2n f -  2 ( n - 6 ^ ) 2
where n i s  t h e  p r i n c i p a l  quantum num ber, 6 i s  t h e  quantum d e f e c t  and n* 
i s  th e  e f f e c t i v e  quantum number o f  t h e  s e r i e s  w i th  a n g u la r  monK-.'. quantum À
number &. The u n i t s  u sed  a r e  a to m ic  u n i t s  w hich means t h a t  e n e rg y  i s  -
m easured  i n  u n i t s  o f  tw ic e  t h e  i o n i z a t i o n  p o t e n t i a l  o f  h y d ro g e n .  The quantum 
d e f e c t  i s  a p p ro x im a te ly  in d e p e n d e n t  o f  n and i s  d i f f e r e n t  f o r  each  o f  t h e  
£ s e r i e s .  I t  i s  a  m easu re  o f  t h e  e f f e c t  t h a t  p e n e t r a t i o n  o f  th e  v a le n c e  
e l e c t r o n  i n t o  t h e  i n n e r  e l e c t r o n  c o re  h a s  on t h e  e n e rg y  o f  t h e  a tom ic  g
s t a t e .  The m easured  quantum d e f e c t s  o f  t h e  a l k a l i  m e ta l s  a r e  g iv e n  i n  
t a b l e  1^ ,  J
From th e  t a b l e  i t  c an  be s e e n  t h a t  t h e  quantum d e f e c t  i s  l a r g e  o n ly  |
f o r  t h o s e  s e r i e s  whose a n g u la r  momentum quantum number £ i s  l e s s  t h a n  th e  ^  |  
£ - v a lu e  f o r  t h e  o u t e r  c lo s e d  s h e l l  o f  t h e  a tom . I t  s h o u ld  a l s o  be  n o te d  •4
t h a t  f o r  th e  h e a v i e r  a l k a l i  m e ta l s  t h e  quantum d e f e c t s  o f  some of  t h e  s e r i e s  
can  be  l a r g e r  th a n  1 , T h is  h a s  t h e  e f f e c t  t h a t  t h e  n e a r e s t  e n e rg y  l e v e l  
i n  an  a d j a c e n t  s e r i e s  does  n o t  n e c e s s a r i l y  have  th e  same v a lu e  o f  p r i n c i p a l  
quantum number. The c a s e  o f  t h e  o r d e r i n g  o f  t h e  e n e rg y  l e v e l s  o f  ru b id iu m  i
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i s  shown i n  f i g u r e  1. The l e v e l  a d j a c e n t  to  t h e  n^P l e v e l  i n  t h e  n^S
s e r i e s  i s  (n + 1)^S  and i n  t h e  n^D s e r i e s  (n -  1)^D.
We now lo o k  a t  t h e  i n f l u e n c e  o f  a  sm a l l  e x t e r n a l  e l e c t r i c  f i e l d
on an atom . The H a m il to n ia n  f o r  t h e  atom i n  a  sm a l l  f i e l d  E i s  g iv e n  by
H = H -  E .p  (2)
w here H i s  t h e  H a m il to n ia n  i n  t h e  a b se n c e  o f  t h e  f i e l d  and p = -  Z .e  r .o ^  1 —1
i s  t h e  e l e c t r o n i c  d i p o l e  moment ( - e  i s  t h e  c h a rg e  on th e  e l e c t r o n ) . I f  
i t  i s  assumed t h a t  t h e  e i g e n f u n c t i o n s  o f  H^ have  d e f i n i t e  p a r i t y  t h e n  th e  
e x p e c t a t i o n  v a lu e  o f  t h e  p e r t u r b i n g  te rm  < n£ j | n£ > v a n i s h e s  s i n c e
jS.p^has odd p a r i t y .  The f i r s t  o r d e r  p e r t u r b a t i o n  i n  E i s  t h e r e f o r e  z e r o .
The change i n  e n e rg y  o f  a s t a t e  | n£ > t o  lo w e s t  o r d e r  i n  E i s  g iv e n  by 
second  o r d e r  p e r t u r b a t i o n  th e o r y  a s
I < n£ I ^ « 2  I n ’£* > {^
AE = S. -------------------------------------------  (3)
E(n£) -  E ( n ' £ ’ )
w here r e p r e s e n t s  t h e  summation o v e r  a l l  i n t e r m e d i a t e  s t a t e s  j n'&* >.
T h is  i s  t h e  second  o r d e r  S ta rk  e n e rg y  s h i f t  o f  t h e  s t a t e  j n£ > .
A rou g h  e s t i m a t e  o f  t h e  m ag n i tu d e  o f  t h e  S t a r k  e n e rg y  s h i f t  o f  th e  
a l k a l i  m e ta l  Rydberg atoms can  be  o b ta in e d  by n e g l e c t i n g  t h e  sum o v e r  
s t a t e s  im p l ie d  i n  e q u a t i o n  (3) and  r e s t r i c t i n g  t h e  sum to  an i n t e r a c t i o n  
be tw een  th e  n e a r e s t  n e ig h b o u r s  o n ly .  Using th e  quantum d e f e c t  model f o r  
th e  u n p e r tu r b e d  s t a t e s , t h e  e n e rg y  d i f f e r e n c e  i n  t h e  d e n o m in a to r  o f  W
Ie q u a t io n  (3) c a n  be  w r i t t e n   ^ |
E (n£) -  E ( n 'A ' )  = - 2 - = --------  —  (4) j
n3 :
where i t  has  b een  assumed t h a t  n -  n ’ »  d ^ , ô , . , .  As was m en tionedn £ ’ n ' £ ’
e a r l i e r , s o m e  o f  t h e  a l k a l i  m e t a l s  have  quantum d e f e c t s  i n  e x c e s s  o f  1 
w hich  c o r r e s p o n d s  to  n e a r e s t  n e ig h b o u r s  b e in g  s t a t e s  w i t h  d i f f e r e n t
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r  = a  [ 1 +• I (1 -  ] (5)
°  n%
I
p r i n c i p a l  quantum num ber. I t  c a n  be  e n su re d  t h a t  th e  i n t e r a c t i o n  #1be tw een  n e a r e s t  n e ig h b o u r s  i s  c o n s id e r e d  i f  o n ly  t h e  f r a c t i o n a l  p a r t  | Io f  t h e  quantum d e f e c t  i s  u sed  i n  e q u a t i o n  (5) and  i f  t h e  d i f f e r e n c e  ’ •
be tw een  quantum d e f e c t s  i s  g r e a t e r  th a n  0 .5  th e n  th e  com plim ent o f  t h i s  
number i s  t a k e n .  The d i f f e r e n c e  i s  d e n o te d  as  m in (6^ , ^ ,  "  5 ^ ^ ) .  4
Because o f  th e  d i p o l e  s e l e c t i o n  r u l e s  t h e r e  a r e  two s e r i e s  a c c e s s i b l e  
f o r  any g iv e n  e n e rg y  l e v e l  e x c e p t  th o s e  l e v e l s  b e lo n g in g  to  th e  s h a rp  
s e r i e s .  The maximum i n f l u e n c e  w i l l  be  e x e r t e d  by t h e  a d j a c e n t  s e r i e s  
whose f r a c t i o n a l  p a r t  o f  t h e  quantum d e f e c t  i s  n e a r e s t  to  t h a t  o f  th e  
s e r i e s  i n  q u e s t i o n .  I f  m in ( d ^ ,^ ,  -  i s  c l o s e  to  0 .5  f o r  a s e r i e s ,
t h e  p e r t u r b i n g  s t a t e s  w i l l  be  a p p ro x im a te ly  mid-way be tw een  th e  s t a t e s  
o f  t h e  s e r i e s  i n  q u e s t i o n  and t h e  e f f e c t  o f  t h e  S t a r k  i n t e r a c t i o n  due to  
t h a t  s e r i e s  w i l l  be  v e ry  s m a l l .
In  o r d e r  t o  e v a l u a t e  t h e  d i p o l e  m a t r ix  e le m e n ts  i n  t h e  n u m era to r  
o f  e q u a t io n  (3) i t  i s  n e c e s s a r y  to  know th e  e x c i t e d  s t a t e  w a v e fu n c t io n s  
o f  t h e  a l k a l i  a to m s .  When t h e  a l k a l i  atoms a r e  i n  v e ry  h ig h  l y i n g  s t a t e s  
t h e  w a v e fu n c t io n s  can  be w e l l  a p p ro x im a te d  by h y d ro g en  w a v e f u n c t io n s . 
F u r t h e r ,  f o r  h yd rogen  s t a t e s  w i th  l a r g e  p r i n c i p a l  quantum number t h e  
form  o f  t h e  w a v e fu n c t io n s  c h an g es  l i t t l e  w i th  n and an  a v e ra g e  o r b i t a l  
r a d i u s  can  be  a s c r i b e d  to  e ach  s t a t e .  The a v e ra g e  o r b i t a l  r a d i u s  f o r  
h yd rogen  w a v e fu n c t io n s  i s  \ -
w here  a i s  t h e  Bohr r a d i u s .  The i n f l u e n c e  o f  t h e  e l e c t r i c  f i e l d  on tio
th e  atom can  be e s t im a te d  by e x p r e s s in g  a s  e r  E, F o r  s t a t e s  w i th  
n >> £ th e  S ta rk  e n e rg y  s h i f t  i n  p r a c t i c a l  u n i t s  i s  g iv e n  by com bining  
(4) and (5) i n  (3) t o  g iv e  •
. . . .  _ i
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AE(n£) = 1 .8  X 10'“^^ E ^ /m in (ô ^ ,  ~ 6^^) (6 )
w here AE(n£) i s  t h e  S t a r k  s h i f t  m easured  i n  cm~l and E i s  m easured  i n  
V cm ~ l. T h is  fo rm u la  i s  s i m i l a r  to  t h a t  g iv e n  by U n so ld ^ p ro v id e d  t h a t  
n »  £ . The n^ dependence  o f  t h e  S t a r k  s h i f t  on p r i n c i p a l  quantum 
number i s  common to  more r i g o r o u s  t r e a t m e n t s  o f  t h e  S t a r k  e f f e c t  o f  
t h e  a l k a l i  m e ta l s  i n  Rydberg s t a t e s ^ .  T h is  v e ry  s t r o n g  d ependence  o f  
th e  S t a r k  s h i f t  on p r i n c i p a l  quantum  number means t h a t  h ig h  l y in g  
Rydberg s t a t e s  can  b e  c o n s i d e r a b l y  p e r t u r b e d  by even  a sm a l l  e l e c t r i c  
f i e l d .
The a p p l i c a t i o n  o f  an  e l e c t r i c  f i e l d  to  an  atom  n o t  o n ly  a f f e c t s
t h e  en e rg y  o f  t h e  a to m ic  s t a t e s , b u t  a l s o  t h e  w a v e fu n c t io n s  and,
c o n s e q u e n t ly , t h e  s e l e c t i o n  r u l e s .  I f  ^ i s  t h e  w a v e fu n c t io n  o f  a
p a r t i c u l a r  s t a t e  i n  a  f i e l d  f r e e  r e g i o n , t h e  e q u i v a l e n t  e i g e n f u n c t i o n
i n  a  weak f i e l d  c o n t a i n s  a s m a l l  a d m ix tu re  o f  two w a v e f u n c t io n s  iD .n, £+1
which can  be c a l c u l a t e d  by f i r s t  o r d e r  p e r t u r b a t i o n  t h e o r y .  For a 
t r a n s i t i o n  i n  a f i e l d - f r e e  r e g i o n  t h e  s e l e c t i o n  r u l e  on th e  o r b i t a l  
quantum number i s  A£ = +.1 * The m ix tu re  o f  s t a t e s  i n c r e a s e s  w i th  
p r i n c i p a l  quantum number and  so n o rm a l ly  o n ly  a f f e c t s  t h e  u p p e r  s t a t e s .  
In  t h e  p r e s e n c e  o f  a f i e l d ,  t h e r e f o r e ,  t h e  e x c i t e d  s t a t e  w a v e fu n c t io n s  
can  combine o p t i c a l l y  w i th  low er  l e v e l s  o r  o r b i t a l  quantum  number 
£ ,  £ ^  2 and so  t r a n s i t i o n s  w hich  obey t h e  s e l e c t i o n  r u l e  A£ = 0 ,  •+ 2 
a r e  a l lo w e d .
The s t r e n g t h  o f  t h e s e  t r a n s i t i o n s  can be c a l c u l a t e d  u s in g  f i r s t  
o r d e r  p e r t u r b a t i o n  t h e o r y .  The r e s u l t  o f  p e r t u r b a t i o n  c a l c u l a t i o n s  a r e  
g iv e n  by Bethe  and S a l p e t e r ^ .  They f i n d  t h a t  i n  g e n e r a l  t h e  i n t e n s i t i e s  
o f  th e  f o r b i d d e n  l i n e s  a r e  q u a d r a t i c  i n  t h e  f i e l d  s t r e n g t h  and a r e  
s m a l l e r  th a n  th o s e  o f  t h e  a l lo w e d  l i n e s  by a p p ro x im a te ly  t h e  r a t i o  o f  
t h e  S t a r k  e n e rg y  s h i f t  o f  th e  u p p e r  l e v e l  t o  i t s  e n e rg y  s e p a r a t i o n  from
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t h e  n e a r e s t  e n e rg y  l e v e l  f o r  w hich  A£ = 1 . i
In  s t r o n g  f i e l d s  , t h e  S t a r k  en e rg y  s h i f t  becomes co m parab le  t o  t h e  4
e n e rg y  s e p a r a t i o n  be tw een  te rm s  i n  a d j a c e n t  s e r i e s  and t h e r e  a r e  no r u l e s  '4
on £ . The S t a r k  e n e rg y  s h i f t  t h e n  becomes l i n e a r  i n  e l e c t r i c  f i e l d .
When a l a r g e  e l e c t r i c  f i e l d  i s  a p p l i e d  to  an  atom t h e  f i e l d  i s  
c a p a b le  o f  rem oving  an e l e c t r o n  from  t h e  atom . The p o t e n t i a l  e n e rg y  o f  
an e l e c t r o n  i n  a  f i e l d  E i s  g iv e n  by ( in  a to m ic  u n i t s )
V = l / r  -  Ez (7)
where z i s  t h e  d i s t a n c e  o f  t h e  e l e c t r o n  from  t h e  atom i n  t h e  d i r e c t i o n  o f
th e  a p p l i e d  f i e l d  and r  i s  t h e  r a d i a l  d i s t a n c e  o f  t h e  e l e c t r o n  from  t h e
n u c le u s  w hich  i s  assumed to  have  u n i t  c h a rg e .  The p o t e n t i a l  can  be  s e e n  -I
to  go th ro u g h  a maximum o f  V = -  2E^. I t  i s  e v id e n t  t h a t  i t  i s  p o s s i b l e  °  max
f o r  th e  e l e c t r o n  to  t u n n e l  th ro u g h  t h i s  p o t e n t i a l  b a r r i e r  and be c o m p le te ly  
s t r i p p e d  from  t h e  a tom . T h e re  i s  a sh a rp  i n c r e a s e  i n  t h e  e l e c t r o n  
i o n i z a t i o n  f o r  a n  e l e c t r o n  i n  a  s t a t e  o f  p r i n c i p a l  quantum  number n when 
th e  p o t e n t i a l  maximum i s  e q u a l  to  t h e  te rm  e n e rg y  o f  t h e  e l e c t r o n .  I f  
t h e  S t a r k  en e rg y  s h i f t  i s  n e g l e c t e d  t h e  te rm  en e rg y  i s  g iv e n  by 
E ( n ,£ )  ~ -  [ 2  n*^ ] . E q u a t in g  t h i s  v a lu e  f o r  t h e  te rm  e n e rg y  to  t h e
maximum v a lu e  o f  t h e  p o t e n t i a l  b a r r i e r ,  a  t h r e s h o l d  f i e l d  f o r  i o n i z a t i o n  
i s
= [ 16 n f  ] - 1 . , (8 )
T h is  i s  t h e  c l a s s i c a l  v a lu e  f o r  t h e  t h r e s h o l d  f i e l d  g iv e n  by Bethe  and 
S a l p e t e r ^ .  A lthough  b a sed  on v e ry  c ru d e  a s su m p t io n s  t h i s  e x p r e s s io n  i s  





V I . 7
V I .3 The E x c i t a t i o n  and D e t e c t i o n  o f  Rydberg S t a t e s
U n t i l  r e c e n t l y  t h e  o n ly  d a t a  on atoms i n  p u re  Rydberg s t a t e s  came ;£
from  r a d i o a s t r o n o m i c a l  o b s e r v a t i o n s  o f  th e  r e c o m b in a t io n  l i n e s  i n  (
11 . . . ^i n t e r s t e l l a r  h yd rogen  . The f i r s t  modern work on h i g h l y  e x c i t e d  atom s |
was r e p o r t e d  by R i v i e r e  and Sweetman i n  1963^^ when th e y  were a b l e  to  ' | '
i n v e s t i g a t e  Rydberg s t a t e s  i n  hyd ro g en  up to  n = 28. H ig h ly  e x c i t e d  .4
atoms w ere  formed by e l e c t r o n  c a p t u r e  o f  p r o to n s  a c c e l e r a t e d  to  25 - 100 keV. j.
The e x c i t e d  atom s w ere  d e t e c t e d  by S t a r k  f i e l d  i o n i z a t i o n .  An i o n i z i n g
v o l t a g e  o f  up to  10^ V cm-^ was s u f f i c i e n t  to  i o n i z e  atom s w i t h  n g r e a t e r
t h a n  9 .  S u bsequen t  work on beam e x c i t a t i o n  o f  Rydberg s t a t e s  has  b een
13r e p o r t e d  by B a y f ie ld  and Koch who have  e x c i t e d  a beam o f  hyd ro g en  t o  f
I
s t a t e s  o f  n = 63 -  69 by c h a rg e  exchange  w i th  xenon .
with t h e  a d v e n t  o f  t u n a b l e  dye  l a s e r s ,Rydberg atom s have  r e c e iv e d  
i n c r e a s i n g  a t t e n t i o n .  One o f  t h e  e a r l i e s t  l a s e r - b a s e d  e x p e r im e n ts  on 
Rydberg s t a t e s  was p e rfo rm e d  by G a l l a g h e r ,  E d e l s t e i n  and H i l l ^ ^ .  In  t h e i r  
e x p e r im e n t ,N a  a to m s ,  c o n ta in e d  i n  a p y re x  c e l l ,  were  e x c i t e d  to  h i g h -  
l y i n g  s t a t e s  by two s t e p  e x c i t a t i o n  from  two dye l a s e r s .  The p o p u l a t i o n  
o f  t h e  s t a t e s  was m o n i to re d  by d e t e c t i n g  t h e  f l u o r e s c e n c e  o f  h i g h - l y i n g  %
n^S and n^D s t a t e s  as  th e y  decayed  back  to  t h e  3^P s t a t e .  S t a t e s  up t o  
n  = 13 w ere  d e t e c t e d  i n  t h i s  way. The l i f e t i m e  o f  t h e  e x c i t e d  s t a t e s  
w ere  found  to  v a ry  a s  n*^ i n  a c c o rd a n c e  w i th  t h e  h y d ro g e n ic  t h e o r y  o f  t h e  
a l k a l i  a tom s.
- The f i n e  s t r u c t u r e  i n t e r v a l s  and p o l a r i z a b i l i t i e s  f o r  t h e  h ig h  l y i n g
15s t a t e s  o f  Na were m easu red  by F a b r e ,  G ross and Haroche and F ab re  and 
Haroche^^ u s in g  quantum b e a t s .  The e x p e r im e n ta l  a p p a r a tu s  used  was s i m i l a r  
to  t h a t  u sed  by G a l l a g h e r ,  E d e l s t e i n  and H i l l ^ ^  b u t  t h e  t im e -d e p e n d e n c e  o f  
t h e  f l u o r e s c e n c e  was m o n i to re d .  A sm a l l  e l e c t r i c  f i e l d  i n  th e  Na c e l l  
a l lo w e d  t h e  p o l a r i z a b i l i t y  o f  t h e  n = 1 0 , 1 1 , 12 s t a t e s  to  be m easu red ^ ^ .
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The f i n e  s t r u c t u r e  i n t e r v a l s  o f  nD s t a t e s  from  n = 9 to  n = 16 have  a l s o




The d e t e c t i o n  o f  Rydberg s t a t e s  u s in g  f l u o r e s c e n c e  d e t e c t i o n  i s  
l i m i t e d  b e c a u s e  o f  t h e  low o s c i l l a t o r  s t r e n g t h  o f  t h e  t r a n s i t i o n s  and th e  |  
long  l i f e t i m e  o f  th e  e x c i t e d  s t a t e s .  The o s c i l l a t o r  s t r e n g t h  o f  h ig h  
l y i n g  l e v e l s  f a l l s  a s  n*"^ and  t h e  l i f e t i m e  i n c r e a s e s  a s  n * 3 ,  A l o s s  o f  
f l u o r e s c e n c e  s i g n a l  o c c u rs  when t h e  r a d i a t i v e  l i f e t i m e  becomes lo n g e r  
th a n  t h e  t im e  f o r  an  a tom  t o  p a s s  o u t  o f  t h e  o b s e r v a t i o n  r e g i o n .  D ucas ,
9L i t tm a n ,  Freeman and K leppner  have  b een  a b l e  to  d e t e c t  Na Rydberg s t a t e s
w i th  p r i n c i p a l  quantum  numbers up t o  n » 30 by f l u o r e s c e n c e  d e t e c t i o n  b u t
have been  a b l e  t o  e x te n d  t h i s  t o  n = 38 by f i e l d  i o n i z a t i o n  t e c h n i q u e s ^ .
The l a s e r  l i n e w i d t h  was i n s u f f i c i e n t  to  r e s o l v e  t h e  n^S and (n -  1)^D
s t a t e s  beyond t h i s  b u t  p a i r s  up to  n = 50 were d e t e c t e d .  In  t h e s e
e x p e r im e n ts  Na atom s w ere  e x c i t e d  by two s t e p  p u l s e d  l a s e r  e x c i t a t i o n  as
p r e v i o u s l y  b u t  t h e  Na was i n  t h e  fo rm  o f  an  a to m ic  beam. A f t e r  t h e  atoms
had been  e x c i t e d  by t h e  p u l s e d  dye  l a s e r s  a p u ls e d  i o n i z i n g  f i e l d  was
a p p l i e d  and t h e  r e s u l t i n g  io n s  w ere  o b s e rv e d  w i th  a c h a n n e l  e l e c t r o n
m u l t i p l i e r .  The c r i t i c a l  i o n i z i n g  f i e l d  i s  found  to  be  i n  good ag reem en t
w i th  t h e  c l a s s i c a l  e x p r e s s io n  g iv e n  i n  e q u a t i o n  (8 ) .  The f i e l d  i o n i z i n g  j
17te c h n iq u e  was a l s o  u se d  by S t e b b in g s ,  L a t im e r , W est, Dunning and Cook
:iwho d e t e c t e d  t h e  Rydberg s t a t e s  o f  Xe i n  an  a to m ic  beam a p p a r a tu s  up to  
a  p r i n c i p a l  quantum number o f  n = 40 .
18 19 ^ In  more r e c e n t  work by G a l l a g h e r  e t  a l  , F a b re  e t  a l  , and L i t tm a n
e t  a l ^ ^ , a l k a l i  atoms have  b e e n  e x c i t e d  to  h ig h  ly in g  s t a t e s  by two s t e p  - i
l a s e r  e x c i t a t i o n  from  t h e  g round  s t a t e s  and t h e  d e t e c t i o n  has  been  w i th  
s e l e c t i v e  f i e l d  i o n i z a t i o n  o f  an  a to m ic  beam. In  t h e  work of  G a l la g h e r  
e t  a l ^ ^ , f i n e  s t r u c t u r e  i n t e r v a l s  and p o l a r i z a t i o n s  o f  h ig h  l y i n g  n^P and 
n^D s t a t e s  have  been  m easu red  by in d u c in g  r f  t r a n s i t i o n s  be tw een  th e  f i n e
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S t r u c t u r e  l e v e l s .  The work o f  F ab re  e t  a l^ ^  has  been  co n c e rn e d  w i th
Îmicrowave t r a n s i t i o n s  be tw een  f i n e  s t r u c t u r e  l e v e l s  from  h ig h  l y i n g  J
20l e v e l s  to  n e a rb y  ^D, ^F , l e v e l s .  L i t tm a n  e t  a l  have  lo o k ed
a t  t h e  S t a r k  e f f e c t  i n  h ig h  ly in g  s t a t e s  o f  Na i n  weak to  s t r o n g  
e l e c t r i c  f i e l d s .
Atomic Rydberg s t a t e s  have  b e e n  d i r e c t l y  e x c i t e d  i n  e x p e r im e n ts  '
21pe rfo rm ed  by Goundand, F o u r n i e r ,  C a v e l l i e r  and B er la n d e  . In  t h e s e  
e x p e r im e n ts  a c e l l  o f  Rb atom s was e x c i t e d  by a n i t r o g e n  pumped Rhodamine B 
dye l a s e r  w hich  was e x t e r n a l l y  f r e q u e n c y  do u b led  w i t h ' a  KDP c r y s t a l .
The e x c i t a t i o n  o f  t h e  n^P s e r i e s  was d e t e c t e d  by o b s e r v in g  d i r e c t  
f l u o r e s c e n c e  o f  t h e  n^P to  4^D t r a n s i t i o n s .  With a l a s e r  l i n e w i d th  o f
0 .0 3  n m ,s t a t e s  from  n = 12 to  22 c o u ld  be  d e t e c t e d  p r o v id e d  t h a t  s e n s i t i v e
h ig h - s p e e d  ph o to n  c o u n t in g  was em ployed.
D i r e c t  e x c i t a t i o n  u s in g  a  p u l s e d  f re q u e n c y  d o u b led  dye l a s e r  has  a l s o  
been  r e p o r t e d  by Tuan, L iberm an  and P in a r d ^ ^ .  In  t h i s  c a s e  a n i t r o g e n  
pumped dye l a s e r . w a s  e x t e r n a l l y  f r e q u e n c y  d o u b led  u s in g  an ADA c r y s t a l  
and t h e  Rb was i n  th e  fo rm  o f  an  a to m ic  beam. The p o p u l a t i o n  o f  t h e  
Rydberg s t a t e s  was m o n i to re d  by a p p ly in g  a p u l s e d  f i e l d  a f t e r  t h e  l a s e r  
e x c i t a t i o n  p u l s e  to  p ro d u ce  f i e l d  i o n i z a t i o n .  The io n s  w ere  th e n  
a c c e l e r a t e d  and c o l l e c t e d  on th e  c a th o d e  o f  an  e l e c t r o n  m u l t i p l i e r .
U sing t h i s  t e c h n iq u e  Tuan e t  a l ^ ^  have  been  a b l e  to  d e t e c t  th e  n^P Rydberg 
s t a t e s  o f  Rb from  n = 28 to  n = 78 . They have  a l s o  v e r i f i e d  th e  c l a s s i c a l
f i e l d  i o n i z i n g  = [ 16 n*^ ] law .
A d i f f e r e n t  ap p ro a c h  to  th e  d e t e c t i o n  o f  Rydberg s t a t e s  i s  th e  u s e  o f  
a t h e r m io n ic  sp a ce  c h a rg e  l i m i t e d  d io d e  d e t e c t o r .  The th e r m io n ic  d io d e  
combines t h e  a d v a n ta g e s  o f  i o n i z a t i o n  d e t e c t i o n  w i t h  t h e  s i m p l i c i t y  o f  
an  a to m ic  c e l l .  T h e re  i s  no need  f o r  an a to m ic  beam a p p a r a tu s  and no 
f i e l d  i o n i z a t i o n  v o l t a g e s  a r e  r e q u i r e d .  The d io d e  d e t e c t o r  i n  i t s
' t
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s im p le s t  form  i s  an  e v a c u a te d  c e l l  c o n ta i n in g  th e  a l k a l i  m e ta l  vapou r  
w i th  an  anode and f i l a m e n t a r y  c a th o d e .  When th e  c a th o d e  i s  h e a t e d ,  
th e r m io n ic  e m is s io n  w i l l  ensue  and p ro v id e d  th e  anode v o l t a g e  i s  s m a l l ,  
t h e  d io d e  c u r r e n t  w i l l  be  l i m i t e d  by a b u i l d  up o f  a sp a ce  c h a rg e  around  
th e  c a th o d e .  Atoms i n  h ig h  l y i n g  s t a t e s  can  be d e t e c t e d  w i th  t h i s  
d e v i c e ,  p ro v id e d  th e  s t a t e s  a r e  w i t h i n  a few meV o f  t h e  i o n i z a t i o n  l i m i t ,  
s i n c e  c o l l i s i o n s  w i th  g round  s t a t e  atoms a r e  s u f f i c i e n t  to  i o n i z e  th e  
e x c i t e d  a tom s. P o s i t i v e  i o n s  a r e  t h e n  a t t r a c t e d  tow ards  t h e  e l e c t r o n  
b a r r i e r  and p a r t i a l l y  n e u t r a l i s e  i t ,  t h e r e b y  a l lo w in g  an  in c r e a s e d  
e l e c t r o n  c u r r e n t  t o  f lo w  u n t i l  th e  io n s  recom bine  o r  d i s c h a r g e  to  th e
c a th o d e .  G ains  i n  t h e  r e g i o n  o f  10^ to  10® have  b e e n  c la im e d  f o r  t h i s
. 22-27d e v ic e
The e a r l i e s t  u s e  o f  a th e r m io n ic  d io d e  f o r  t h e  d e t e c t i o n  of
22 23i o n i z a t i o n  was by Kingdon and H e r tz  i n  1923, I t  was s u b s e q u e n t ly
used  by Ifoh le r  and B oeckner^^ , Lawrence and E d le f s e n ^ ^  and F reudenbe rg^ ^
aro u n d  1930. The f i r s t  m odern u se  o f  t h i s  d e t e c t o r  was r e p o r t e d  by 
27Popescu  e t  a l  Jby  u s in g  a l o c k - i n  te c h n iq u e  th e y  a c h ie v e d  
d e t e c t a b i l i t i e s  a p p ro a c h in g  one  io n  p e r  se co n d .
The a d v a n ta g e  o f  th e  sp a c e  c h a rg e  l i m i t e d  d e t e c t o r  o v e r  f l u o r e s c e n c e  
d e t e c t i o n  o f  h ig h  l y in g  s t a t e s  i s  t h a t ,w h e r e a s  f l u o r e s c e n c e  e f f i c i e n c y  
f a l l s  r a p i d l y  w i th  i n c r e a s i n g  p r i n c i p a l  quantum num ber, th e  i o n i z a t i o n  
e f f i c i e n c y  i s  h i g h ,  r e a c h in g  a lm o s t  100% f o r  s t a t e s  c l o s e  to  th e  
con tinuum . An i o n i z a t i o n  d e t e c t o r  i s  a l s o  i n s e n s i t i v e  t o  n o n re s o n a n t  
l a s e r  l i g h t  and o t h e r  a m b ie n t  i l l u m i n a t i o n .  The h ig h  g a in  and low n o i s e  
o f  a  sp ace  c h a rg e  l i m i t e d  d e t e c t o r  make i t  more s e n s i t i v e  th a n  f i e l d  
i o n i z a t i o n  d e t e c t i o n .
In  e a r l y  work on th e  d e t e c t i o n  o f  h ig h  ly in g  s t a t e s  u s in g  a sp a c e  
c h a rg e  l i m i t e d  d i o d e , t h e  e x c i t a t i o n  s o u rc e  was a h ig h  p r e s s u r e  xenon o r
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up to  n « 35 u s in g  t h i s  k in d  o f  a r ra n g e m e n t
m ercury  a r c  lamp f i l t e r e d  th ro u g h  a m onochrom ator. L in e w id th s  w ere
t y p i c a l l y  o f  th e  o r d e r  o f  0 .1  nm. The p r i n c i p a l  s e r i e s  o f  Cs h a s  been  3
28 29 30d e t e c t e d  by Marr and  W h e rre t t  up to  n = 24 and by Popescu  e t  a l  ’ XI1
31P o p e sc u ,  C o l l i n s ,  Jo h nson  and Popescu  have  u sed  a n i t r o g e n  ^
pumped dye l a s e r ,  to  e x c i t e  t h e  Cs Rydberg s t a t e s  by m u l t ip h o to n  
i o n i z a t i o n .  However , th e y  w ere  o n ly  a b l e  to  d e t e c t  and s t a t e s  up 
to  n = 13 and n = 14 r e s p e c t i v e l y  due to  th e  low s t r e n g t h  o f  t h e  m u l t i ­
p h o to n  p r o c e s s e s .
32C o l l i n s  e t  a l  found  t h a t  t h e  two p h o to n  i o n i z a t i o n  p r o b a b i l i t y  
was g r e a t l y  enhanced  by u s e  o f  con tinuum  m o le c u la r  i n t e r m e d i a t e  s t a t e s .
They found t h a t  s i n g l e - a n d  tw o-pho ton  r e s o n a n c e s  o c c u r r e d  a t  w a v e le n g th s  
c o r r e s p o n d in g  t o  t h e  l i n e  s p e c t r a  from  e x c i t e d  a to m ic  s t a t e s .  T h is  was |
a t t r i b u t e d  to  th e  d i s s o c i a t i o n  o f  t h e  r e s o n a n t  i n t e r m e d i a t e  m o le c u la r  |
s t a t e s  i n  a t im e  s h o r t  compared to  th e  p h o t o - e x c i t a t i o n .  T hus ,  f o r  ]
exam ple ,  t h e  i n t e r m e d i a t e  diT(®n ) m o le c u la r  s t a t e s  would d i s s o c i a t e  |
to  g iv e  an  e x c i t e d  5^0 atom  and th e  r e s u l t i n g  r e s o n a n c e s  would c o r r e s p o n d  j
to  t h e  fu n d am e n ta l  5^D t o  n^F s e r i e s  o f  C s. N o t i c e  t h a t , i n  t h i s Ip r o c e s s , t h e  f re q u e n c y  o f  t h e  i n c i d e n t  l i g h t  does  n o t  c o r r e s p o n d  to  |
h a l f  th e  en e rg y  s e p a r a t i o n  be tw een  th e  i n i t i a l  and f i n a l  s t a t e  o f  th e  
two p h o to n  r e s o n a n c e ,  b u t  to  t h e  e n e rg y  s e p a r a t i o n  be tw een  th e  i n t e r -  |
m e d ia te  a to m ic  s t a t e  to  w hich t h e  m o le c u le s  d i s s o c i a t e ,  and th e  f i n a l  ]
s t a t e ,  t h e  en e rg y  d i f f e r e n c e  b e in g  t a k e n  up by t h e  d i s s o c i a t i n g  m o le c u le .  ^
■;ji
In  t h i s  way th e y  have  d e te rm in e d  th e  te rm  v a l u e s  o f  t h e  Cs n^F s t a t e s  ^
up t o  a p r i n c i p a l  quantum  number o f  n = 50, O th e r  s e r i e s  such  a s  th e
^ ^ ^ 3 /2  ^^^3/2 5 /2  w ere  a l s o  o b s e r v e d .  C o l l i n s  e t  a l ^ ^  have  e x te n d e d
t h i s  t e c h n iq u e  t o  th e  d e t e c t i o n  o f  m u l t ip h o to n  i o n i z a t i o n  o f  Rb and %
found  a s i m i l a r  b e h a v io u r  t o  t h a t  o f  Cs. 3
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The m ost r e c e n t  p u b l i s h e d  work on th e  d e t e c t i o n  o f  Rydberg s t a t e s  f
u s in g  a sp a ce  c h a rg e  l i m i t e d  d io d e  i s  t h a t  o f  Harvey and S t o i c h e f f ^ .
In  t h i s  work a s i n g l e  mode CW dye l a s e r  i s  used  to  e x c i t e  h ig h  l y i n g  s t a t e s
o f  Rb i n  a p r o c e s s  o f  D o p p l e r - f r e e  tw o -p h o to n  a b s o r p t i o n ^ ^ . The c e l l  u sed
4to  c o n t a i n  th e  Rb was s i m i l a r  to  t h a t  used  by p r e v io u s  w o rk e rs  e x c e p t  t h a t  4
3a g r i d  was i n c lu d e d  t o  s h i e l d  t h e  atoms i n  th e  e x c i t a t i o n  r e g i o n  from  s t r a y  
e l e c t r i c  f i e l d s .  T h is  was n e c e s s a r y  s in c e  a t  th e  10 MHz r e s o l u t i o n  o f  t h i s  -a
e x p e r im e n t  even v e ry  sm a l l  f i e l d s  (< 1 V cm” ^) c o u ld  b r o a d e n ,  s h i f t  and 
s p l i t  t h e  r e s o n a n c e s .  Harvey and S t o i c h e f f ^ ^  have  b een  a b l e  to  d e t e c t  
Rydberg s t a t e s  up to  a p r i n c i p a l  quantum number o f  n = 85 , o n ly  16 cm”  ^
from  th e  i o n i z a t i o n  l i m i t .  They w ere  a l s o  a b l e  to  m easu re  t h e  f i n e  s t r u c t u r e  |  
s p l i t t i n g  o f  th e  n^D s e r i e s  up to  n = 65 . I t  was found  t h a t  f o r  s t a t e s  
o f  h ig h  n v a lu e  (n > 25) t h e  f i n e  s t r u c t u r e  s p l i t t i n g  was w e l l  r e p r e s e n t e d  
by
Agg (GHz) = 10800 n * -3 .
35T h is  can  be compared w i t h  th e  e a r l i e r  work o f  Kato and S t o i c h e f f  who
found  t h a t  f o r  v a lu e s  n = 4 to  n = 25 an  n*” ® c o n t r i b u t i o n  had to  be
in c lu d e d  i n  t h e  f i n e  s t r u c t u r e  s p l i t t i n g .  F u r th e r m o r e , t h e  n^D s e r i e s  was ■'
found  to  be i n v e r t e d  f o r  low n v a l u e s  b u t  norm al f o r  l a r g e  n v a l u e s .  The
c r o s s o v e r  t a k e s  p l a c e  a t  a p p ro x im a te ly  n = 25. T h is  i s  t h e  f i r s t  t im e
. t h a t  such  a c r o s s o v e r  h a s  b e e n  s e e n  to  t a k e  p l a c e  and c o n f i rm s  t h a t  a t
s u f f i c i e n t l y  h ig h  n v a lu e  t h e  a l k a l i  atoms a r e  e s s e n t i a l l y  h y d ro g e n ic  i n
n a t u r e .  I t  w i l l  be i n t e r e s t i n g ' e v e n t u a l l y  t o  s e e  i f  Na f o l lo w s  t h i s
b e h a v i o u r , s i n c e ,up to  a b o u t  n = 1 6 , th e  n^D s t a t e s  re m a in  i n v e r t e d  and
16a p p e a r  to  e x t r a p o l a t e  t o  an  i n v e r t e d  f i n e  s t r u c t u r e
In  s e c t i o n  V I ,5 we s h a l l  show how th e  f r e q u e n c y  d o u b led  dye l a s e r  XIh as  been  u sed  to  e x c i t e  t h e  p r i n c i p a l  s e r i e s  o f  Rb up to  a p r i n c i p a l  quantum  y 
number o f  n ~ 74 . The a p p l i c a t i o n  o f  a sm a l l  e l e c t r i c  f i e l d  t o  p ro d u ce  J
...J
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S ta rk  m ix ing  has  a l lo w e d  t h e  n^D and n^S s e r i e s ,  as  w e l l  as th e  n^P s e r i e s ,  
to  be e x c i t e d  d i r e c t l y  from  t h e  ground  s t a t e .  By u s in g  a s i n g l e  f r e q u e n c y  
v e r s i o n  o f  t h e  CW f re q u e n c y  d o u b led  dye l a s e r ,  m easurem ent o f  th e  f i n e  
s t r u c t u r e  i n t e r v a l s ,  te rm  v a lu e s  and p o l a r i z a b i l i t i e s  o f  t h e  n^S , n^P and 
n^D s e r i e s  s h o u ld  be  p o s s i b l e  by a means o f  ’s a t u r a t e d  i o n i z a t i o n ’ as  
p ro p o se d  i n  s e c t i o n  V I , 6 .
V I .4 The Space Charge L im i te d  T h e rm io n ic  Diode
The u s e  o f  a sp a ce  c h a rg e  t h e r m io n ic  d io d e  f o r  t h e  d e t e c t i o n  o f  io n s
h as  been  b r i e f l y  d e s c r i b e d  i n  t h e  p r e v io u s  s e c t i o n .  In  t h i s  s e c t i o n  a
f u l l e r  d e s c r i p t i o n  o f  t h e  o p e r a t i o n  o f  t h e s e  d e v ic e s  i s  g iv e n .
I t  i s  w e l l  known t h a t  t h e  maximum c u r r e n t  w hich  can  b e  drawn from  a
th e r m io n ic  d io d e  i s  l i m i t e d  by a  s p a c e  c h a rg e  r e g i o n  w hich  s u r ro u n d s  th e
c a th o d e  and p r e s e n t s  a b a r r i e r  to  e l e c t r o n s ^ ^ .  The v a l u e  o f  t h e  c u r r e n t
th e n  becomes in d e p e n d e n t  o f  t h e  p r o p e r t i e s  o f  t h e  c a th o d e  p ro v id e d  t h a t  t h e r e
i s  enough t h e r m io n ic  e m is s io n .
I n  a  sp a ce  c h a rg e  l i m i t e d  i o n i z a t i o n  d e t e c t o r ,  p o s i t i v e  io n s  a r e
t r a p p e d  w i t h i n  t h e  e l e c t r o n  s p a c e  c h a rg e  w hich a c t s  as  a  p o t e n t i a l  w e l l ,
p ro v id e d  t h a t  t h e  t r a p  d e p th  exceeds  t h e  k i n e t i c  en e rg y  o f  t h e  i o n  a t  
37f o r m a t io n  . The c o n ta in m e n t  o f  io n s  w i t h i n  t h i s  p o t e n t i a l  w e l l  r e d u c e s  
t h e  p o t e n t i a l  b a r r i e r  t o  t h e  f lo w  o f  e l e c t r o n s  and i n c r e a s e s  th e  c u r r e n t
by an amount d i r e c t l y  r e l a t e d  to  t h e  t im e  s p e n t  by t h e  i o n  w i t h i n  th e
, 22 s p a c e  c h a rg e
An o r d e r  o f  m ag n i tu d e  c a l c u l a t i o n  i s  s u f f i c i e n t  t o  i n d i c a t e  t h e
e f f e c t  t h a t  an io n  h a s  on t h e  s p a c e  c h a rg e  l i m i t e d  c u r r e n t .  The
e f f e c t i v e n e s s  o f  a s i n g l e  i o n  i n  r e d u c in g  th e  s p a c e  c h a rg e  can  be e s t i m a t e d
by com paring  t h e  r a t i o  o f  t h e  t im e  t a k e n  f o r  an  io n  to  c r o s s  th e  anode to
c a th o d e  r e g i o n  compared t o  t h e  t im e  t a k e n  by an e l e c t r o n .  A rough  k i n e t i c
t h e o r y  v a lu e  o f  t h i s  r a t i o  i s  j u s t  t h e  s q u a re  r o o t  o f  t h e  i o n  mass to  t h e
e l e c t r o n  m ass . T h e r e f o r e  an  i o n  o f  mass 10^ m w i l l  h av e  th e  e f f e c t  o fe
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r e l e a s i n g  th e  c h a rg e  o f  a b o u t  100 e l e c t r o n s .  However, t h e  io n  w i l l
22move r e p e a t e d l y  be tw een  anode and c a th o d e  u n t i l  i t s  o r b i t  i s  d i s t u r b e d  . %
■IE x p e r im e n ta l  e v id e n c e  s u g g e s t s  t h a t  th e  l i f e  o f  t h e  i o n s  i s  d e te rm in e d  ^
22 28 . . 'by c o l l i s i o n s  w i th  gas m o le c u le s  i n  t h e  c e l l  * . An io n  w i l l  t r a v e r s e
t h e  anode to  c a th o d e  d i s t a n c e  (R) a p p ro x im a te ly  L/R t im es  b e f o r e  d i s c h a r g i n g
to  th e  c a th o d e ,  w here  L i s  t h e  io n  mean f r e e  p a t h .  The mean f r e e  p a th
o f  an  i o n  i s  ro u g h ly  g iv e n  by
L = 1 /p  (9)
22r e a l i s e d  i n  p r a c t i c e  and  i s  t h e  p r i n c i p a l  r e a s o n  f o r  t h e  g r e a t
a p p ro x im a te ly  a c o n s t a n t  f o r  p u re  m e t a l s .  F o r  p u re  t u n g s t e n  th e  work 
f u n c t i o n  i s  4 .5  eV^^.
w here L i s  m easured  i n  cm and p i s  th e  v apou r  p r e s s u r e  i n  t o r r . For a 
t y p i c a l  v ap o u r  p r e s s u r e  o f  10"’  ^ t o r r  and a c a th o d e - to - a n o d e  s p a c in g  o f
I
1 cm, an  i o n  can make a b o u t  10  ^ t r a v e r s e s  o f  th e  d io d e  b e f o r e  d i s c h a r g i n g  §
t o  t h e  c a th o d e .  The r e s u l t i n g  e l e c t r o n  c u r r e n t  a m p l i f i c a t i o n  f a c t o r  a 
i s  i n  t h e  r e g i o n  o f  10^ . T h is  k in d  o f  a m p l i f i c a t i o n  f a c t o r  i s  u s u a l l y  %
s e n s i t i v i t y  o f  t h e  sp a ce  c h a rg e  d e t e c t o r .  The i n v e r s e  dependence  o f  th e  j
a m p l i f i c a t i o n  f a c t o r  on v ap o u r  p r e s s u r e  h a s  b e e n  v e r i f i e d  by Marr and 
28W h e rre t t
A r e m a rk a b le  p r o p e r t y  o f  sp a ce  c h a rg e  l i m i t e d  d io d e s  u se d  w i t h  t h e  Î
a l k a l i  m e ta l s  i s  t h e  h ig h  t h e r m io n ic  c u r r e n t  a v a i l a b l e .  The th e r m io n ic  
e m is s io n  o f  p u re  t u n g s t e n  can  be  a p p ro x im a te ly  w r i t t e n  i n  t h e  fo rm  o f  
t h e  R ichardson-D ushm an e q u a t io n ^ ^
J  = AT^ (10)
where J  i s  t h e  th e r m io n ic  c u r r e n t  e m i t t e d  p e r  cm^ o f  t h e  c a th o d e ,  T i s  
t h e  t e m p e r a tu r e  o f  t h e  c a th o d e  i n  d e g re e s  K e lv in  and k i s  t h e  B oltzm an 
c o n s t a n t .  The f a c t o r  W i s  t h e  work f u n c t i o n  o f  t h e  m a t e r i a l  and A i s  ‘ |
I
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The e x p r e s s io n  (10) i s  p l o t t e d  as  a f u n c t i o n  of  T"~^  i n  f i g u r e  2 i
It o g e t h e r  w i th  t h e  m easured  th e r m io n ic  c u r r e n t  d e n s i t y  from  a t u n g s t e n  -f
38f i l a m e n t  i n  t h e  p r e s e n c e  o f  Rb . The Rb on tu n g s t e n  d a t a  a r e  p l o t t e d  a t  a 
v a r i e t y  o f  c e l l  t e m p e r a t u r e s ,  c o r r e s p o n d in g  to  d i f f e r e n t  v apou r  p r e s s u r e s .
For f i l a m e n t  t e m p e ra tu re s  i n  t h e  r e g i o n  o f  1000 K o r  l e s s  , i t  can  be  se en  
t h a t  t h e  th e r m io n ic  e m is s io n  o f  a Rb a c t i v a t e d  t u n g s t e n  c a th o d e  i s  many 
o r d e r s  o f  m ag n i tu d e  g r e a t e r  t h a n  th e r m io n ic  e m is s io n  from  p u re  t u n g s t e n .  4
T h is  k in d  o f  b e h a v io u r  has  b een  e x h i b i t e d  by a l l  o f  t h e  a l k a l i  m e t a l s .
The p r o b a b le  e x p l a n a t i o n  f o r  t h i s  b e h a v io u r  i s  t h a t  th e  t u n g s t e n  f i l a m e n t  
becomes c o a te d  w i th  a  m ono layer  o f  a l k a l i  m e ta l  io n s  h e ld  by an image f o r c e .
The work f u n c t i o n  o f  t h e  c a th o d e  i s  r e d u c e d ,  t h e r e b y  a l l o w in g  much g r e a t e r
. . . . 38 ,39th e r m io n ic  e m is s io n
P r o v id e d  t h a t  t h e  t u n g s t e n  s u r f a c e  rem a in s  f u l l y  c o v e re d ,  th e  
th e r m io n ic  e m is s io n  f o l lo w s  t h e  R ichardson-D ushm an e q u a t i o n  o f  t h e  fo rm  
o f  e q u a t i o n  (10) b u t  w i th  a g r e a t l y  re d u c e d  work f u n c t i o n .  As t h e  f i l a m e n t  
t e m p e ra tu re  i s  r a i s e d ,  a p o i n t  i s  r e a c h e d  w here t h e  a l k a l i  m e ta l  io n s  b e g in  
to  e v a p o r a te  and t h e  t h e r m io n i c  e m is s io n  w i l l  be  r e d u c e d .  I f  th e  
t e m p e r a tu r e  i s  i n c r e a s e d  s t i l l  f u r t h e r ,  a l l  o f  t h e  a l k a l i  m e ta ls  io n s  w i l l  
be  e v a p o ra te d  from  t h e  s u r f a c e  and t h e  e m is s io n  w i l l  c o r r e s p o n d  to  t h a t  
o f  p u re  t u n g s t e n .  F o r  m ost c o m b in a t io n s  o f  a l k a l i  m e ta l s  and t u n g s t e n  
t h e  th e r m io n ic  e m is s io n  pealcs i n  t h e  r e g i o n  o f  1000 K. The r a t h e r  l a r g e  
v a lu e s  o f  th e r m io n ic  c u r r e n t  e m i t t e d  i n  t h e  p r e s e n c e  o f  a l k a l i  m e ta ls  
e n s u re s  t h a t ,  even  a t  low c a th o d e  t e m p e r a t u r e s ,  t h e r e  i s  a d e q u a te  e m is s io n  
i n  hand when an i o n  a r r i v e s  t o  r e d u c e  th e  sp a ce  c h a rg e .
D e s p i te  t h e  f a c t  t h a t  t h e  th e r m io n ic  e m is s io n  from  p u re  t u n g s t e n  
a t  h ig h  t e m p e r a tu r e s  (> 1000 K) can  be g r e a t e r  th a n  t h a t  o f  t u n g s t e n  c o a te d  
w i t h  an  a l k a l i  m e t a l ,  t h e  d e t e c t o r  i s  b e s t  u sed  a t  low te m p e r a tu r e s  w here  
th e  p r o b a b i l i t y  o f  s u r f a c e  i o n i z a t i o n  i s  low.
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V I .5 The Rydberg S t a t e s  o f  Rubidium
The b a s i c  d e s ig n  o f  a sp a ce  c h a rg e  l i m i t e d  th e r m io n ic  d io d e  has  %
2A 25 26changed l i t t l e  s i n c e  i t s  f i r s t  u s e  a s  a p h o t o - i o n i z a t i o n  d e t e c t o r  '  '
A b a s i c  d e s ig n  w hich h a s  b een  used  i n  t h i s  work i s  shown i n  f i g u r e  3 ,
The c e l l  was made o f  p y re x  and h a s  an  e x te n s i o n  arm t o  c o n t a i n  t h e  l i q u i d  1|
#a l k a l i  m e t a l .  Two f u s e d  s i l i c a  windows were s e a l e d  to  t h e  m ain  body o f  
t h e  c e l l  by g raded  s e a l s .  The anode was formed by a 5 ram x 25 mm s i l v e r  
p l a t e  and th e  c a th o d e  was a 0 .1 5  mm d ia m e te r  t u n g s t e n  w i r e  o f  a b o u t  #
25 mm i n  l e n g t h .  The c e l l  was a t t a c h e d  to  a vacuum sy s te m  and e v a c u a te d  
to  a b o u t  10-5  c o r r  w h i l e  b a k in g  f o r  s e v e r a l  h o u r s .  The Rb was d i s t i l l e d
i n t o  t h e  s i d e  arm and t h e  w hole  c e l l  s e a l e d .
The c e l l  was housed  i n  an  oven w here a t e m p e r a tu r e  d i f f e r e n c e
e x i s t e d  be tw een  th e  s i d e  arm and th e  c e l l .  T h is  was to  e n s u re  t h a t  Rb 4■ ' g
was n o t  d e p o s i t e d  on t h e  windows o r  e l e c t r o d e s .
The th e r m io n ic  c u r r e n t  was m easu red  by h e a t i n g  t h e  t u n g s t e n  f i l a m e n t  
w i th  a  s t a b i l i z e d  c u r r e n t  s u p p ly  w h i le  a p p ly in g  a p o s i t i v e  v o l t a g e  t o  th e  
anode and m ea su r in g  t h e  c u r r e n t .  The maximum t h e r m io n i c  c u r r e n t  i s  g iv e n  
when t h e  v o l ta g e -a m p e r e  c h a r a c t e r i s t i c  o f  t h e  d io d e  s a t u r a t e s  a t  a  s te a d y  
c u r r e n t  in d e p e n d e n t  o f  a p p l i e d  v o l t a g e .  A p l o t  o f  t h e  maximum th e r m io n ic  
c u r r e n t  as a  f u n c t i o n  o f  c a th o d e  c u r r e n t  i s  shown i n  f i g u r e  4 .  The 
a b s o l u t e  c a th o d e  t e m p e r a tu r e  was d i f f i c u l t  t o  m easu re  b u t  i s  e x p e c te d  
to  be  d i r e c t l y  r e l a t e d  to  th e  c a th o d e  c u r r e n t  a t  a  f i x e d  v apou r  p r e s s u r e .
The c e l l  t e m p e r a tu r e  was 40^C, c o r r e s p o n d in g  t o  a Rb p r e s s u r e  o f  
2 X 10~'5 t o r r ^ ^ .  T h is  c u rv e  i s  i n  good ag reem en t  w i t h  t h e  form  o f  t h e  
c u rv e s  g iv e n  by Langmuir and  Kihgdon^^ and K i l l i a n ^ ^ .  T h is  was t a k e n  
a s  an  i n d i c a t i o n  t h a t  t h e  d io d e  was o p e r a t i n g  s a t i s f a c t o r i l y .
The b ro ad b a n d  o u t p u t  (0 .0 2  nm) from  t h e  second  ha rm on ic  dye l a s e r  
was chopped and d i r e c t e d  i n t o  t h e  c e l l .  The f i l a m e n t  was o p e r a t e d  a t  a
" S
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c u r r e n t  i n  th e  r e g i o n  o f  t h e  maximum i n  f i g u r e  4 . A lo a d  r e s i s t o r  o f  t
180 kQ was c o n n e c te d  b e tw een  th e  f i l a m e n t  and anode and s e rv e d  to  
d e t e c t  t h e  c u r r e n t  be tw een  anode and c a th o d e .  The v o l t a g e  a c r o s s  th e  
lo a d  r e s i s t o r  was a p p l i e d  to  a I b c k - i n  a m p l i f i e r  (B rookdea l  401 ) ,  The J
c hopp ing  f r e q u e n c y  was a b o u t  20 Hz. No v o l t a g e  was a p p l i e d  be tw een  ' s
anode and c a th o d e .  S t ro n g  s i g n a l s  were o b ta in e d  w i th  t h i s  a r ra n g e m e n t  I
"I
w h i le  t h e  c e l l  was i n  good c o n d i t i o n .  However, a f t e r  a  few h o u rs  i t  was 4
found  t h a t  t h e  Rb had a t t a c k e d  t h e  f u s e d  s i l i c a  windows and t h a t  t h e
p y re x  was a l s o  s l i g h t l y  d i s c o l o u r e d .  In  th e  e x p e r im e n ts  which we now 
d e s c r i b e  an a l t e r n a t i v e  a p p ro a c h  was ad o p te d  i n  w hich  a s t a i n l e s s  s t e e l  oven i 
(w i th  b u f f e r  gas  t o  p r o t e c t  t h e  windows) was u s e d .  However we r e c o r d  th e
deve lopm en t o f  a p y re x  c e l l  h e r e  s in c e  a c e l l  o f  s i m i l a r  d e s ig n  w i l l  p ro b a b ly  4
be  r e q u i r e d  i n  th e  h ig h  r e s o l u t i o n  D o p p l e r - f r e e  e x p e r im e n ts  proposed ' i n  
S e c t io n  V I . 6
The main p rob lem  w i t h  a s t a i n l e s s  s t e e l  oven i s  t h a t  windows must be
s e a l e d  to  t h e  m ain  body o f  th e  c e l l .  Now i f  t h i s  i s  t o  be  done w i th  r u b b e r  t
0 r i n g s  t h e  windows m ust be k e p t  a t  t e m p e ra tu re s  w e l l  below 100°C. Oven 
t e m p e ra tu re s  i n  t h e  r e g i o n  o f  a b o u t  200°C are. r e q u i r e d  f o r  a Rb v ap o u r  
p r e s s u r e  o f  10-% t o r r ^ ^  and  so t h e  windows m ust be  c o o le d .  I f  t h e  windows
a r e  c o o le r  th a n  t h e  m ain  body o f  t h e  oven t h e  m e ta l  v a p o u r  can  d i f f u s é  
on to  th e  window. The norm al m ethod o f  overcom ing t h i s  d i f f u s i o n  i s  to  
add an  i n e r t  b u f f e r  gas  t o  th e  oven  w hich h e lp s  to  c o n t a i n  t h e  v a p o u r ,
A more r e c e n t  e x t e n s i o n  o f  t h i s  i s  t h e  h e a t  p ip e  w here t h e  a d d i t i o n  o f  a 
wick a l lo w s  an  e q u i l i b r i u m  s i t u a t i o n  to  d e v e lo p  ^ w i th  p u re  v apou r  
c o n ta in e d  i n  th e  h o t  r e g i o n  and b u f f e r  gas on th e  o u t s i d e ^ ^ .  At 
th e  o u t s e t  o f  t h e s e  e x p e r im e n ts  i t  was n o t  c l e a r  w h e th e r  t h e  a d d i t i o n  o f  
a b u f f e r  g as  would d e s t r o y  t h e  s e n s i t i v i t y  o f  t h e  s p a c e  c h a rg e  l i m i t e d  
d e t e c t o r  o r  w h e th e r  t h e  h ig h  v a p o u r  p r e s s u r e  r e q u i r e d  f o r  o p e r a t i o n  a s  a 
h e a t  p ip e  would d e s t r o y  t h e  s e n s i t i v i t y .
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The oven  used  i n  t h e s e  e x p e r im e n ts  was d e s ig n e d  so t h a t  i f  n e c e s s a r y  
i t  c o u ld  be used  i n  a  h e a t - p i p e  mode. A sc h em a tic  d ia g ra m  o f  th e  oven 4
f
i s  shown i n  f i g u r e  5 .  I t  c o n s i s t e d  o f  a c y l i n d e r  o f  ty p e  316 s t a i n l e s s  |
s t e e l  to  which had b e e n  welded  s t a i n l e s s  s t e e l  f l a n g e s  a t  each  e nd . The 4
f l a n g e s  were w a t e r - c o o le d  and c o u ld  be a t t a c h e d  to  a  vacuum sy s tem .
Fused s i l i c a  windows w ere  h e ld  on each  end by r u b b e r  0 r i n g s .  A f i n e  a
s t a i n l e s s  mesh was s p o t -w e ld e d  to  t h e  i n s i d e  o f  th e  tu b e  to  p r o v id e  a 
'w i c k ’ s h o u ld  t h e  oven  be r e q u i r e d  t o  o p e r a t e  a s  a h e a t  p i p e .  Rubidium  i s  4
h i g h l y  r e a c t i v e  and w i l l  i g n i t e  s p o n ta n e o u s ly  i n  d r y  a i r ,  c o n s e q u e n t ly ,  ^
t h e  Ig  b r e a k s e a l  am poules w ere  i n s e r t e d  u n d e r  f lo w in g  a rg o n .  The oven  ;;
was th e n  e v a c u a te d  to  a b o u t  lO'"^ t o r r  and h e a te d  to  above th e  m e l t i n g  
p o i n t  o f  R b . When th e  c o n t e n t s  o f  t h e  ampoule had t r i c k l e d  o u t ,  th e
4empty ampoule was removed u n d e r  a rg o n  and th e  sy s tem  was a g a in  e v a c u a t e d .  f;
The c y l i n d r i c a l  p a r t  o f  t h e  oven was h e a te d  by p a s s i n g  a c u r r e n t  
th ro u g h  k a n th a l  r e s i s t a n c e  w i r e .  T h is  was wound on to  a s b e s t o s  p a p e r  
and th e n  c ove red  w i th  a lum in ium  o x id e  cem en t.  The oven  c o u ld  be  r a i s e d  
to  a t e m p e r a tu r e  o f  g r e a t e r  th a n  900°C w i th  t h i s  a r r a n g e m e n t .  How ever,a  
t e m p e r a tu r e  o f  180°C was more u s u a l  when Rb was i n  t h e  oven .
The i o n i z a t i o n  d e t e c t o r  was i n  t h e  form  o f  an  e l e c t r o d e  i n s e r t  w hich  
c o u ld  r e p l a c e  one o f  t h e  windows. The f i r s t  i n s e r t  i s  shown i n  f i g u r e  6 ( a ) .  
The anode was formed by a 10 mm x 60 mm s t a i n l e s s  s t e e l  p l a t e  h a rd  
s o ld e r e d  to  a 2 mm d ia m e te r  s t a i n l e s s  s t e e l  r o d .  The c a th o d e  was made o f
0 .1 5  mm d ia m e te r  t u n g s t e n  w i r e  and was suspended  be tw een  two 2 mm d ia m e te r  
s t a i n l e s s  s t e e l  r o d s .  The t h r e e  s t a i n l e s s  s t e e l  r o d s  made e l e c t r i c a l  
c o n t a c t  by u s e  o f  vacuum f e e d - t h r o u g h .  I n  t h e  a r ra n g e m e n t  used  th e  
l a s e r  beam c o u ld  n o t  p a s s  th ro u g h  th e  ov en .
A s c h e m a tic  d ia g ra m  o f  an  e x p e r im e n ta l  a r ra n g e m e n t  i s  shown i n  
f i g u r e  7. The o u tp u t  from  t h e  f r e q u e n c y  d o u b led  dye l a s e r  was f e d  i n t o
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t h e  r e g i o n  be tw een  t h e  anode and c a th o d e  o f  th e  i o n i z a t i o n  d e t e c t o r ;  
t h e  e x a c t  p o s i t i o n  was n o t  c r i t i c a l .  The c a th o d e  was h e a te d  to  a b o u t  |
1000 K u s in g  a c u r r e n t  s t a b i l i z e d  power s u p p ly  and a lo a d  r e s i s t o r  o f  
180 was c o n n e c te d  b e tw e en  t h e  anode t o  c a th o d e .  The v o l t a g e  d e v e lo p e d  
a c r o s s  t h i s  r e s i s t o r  was f e d  t o  a l o c k - i n  a m p l i f i e r  (B rookdea l 401 ) , j
P a r t  o f  t h e  UV l a s e r  beam was d i r e c t e d  on to  a p h o to d io d e  and u se d  as  an 
i n t e n s i t y  m o n i to r .  T h is  i n t e n s i t y  s i g n a l  was f e d  to  a r a t i o m e t e r  w hich  
n o rm a l is e d  t h e  o u tp u t  from  th e  l o c k - i n  a m p l i f i e r  to  t h e  l a s e r  i n t e n s i t y .  4
The r a t i o m e t e r  c i r c u i t  i s  a s low  d e v ic e  and any i n t e n s i t y  f l u c u a t i o n s  j
a t  f r e q u e n c ie s  o f  lOHz o r  h i g h e r  was n o t  be  p r o p e r l y  n o r m a l i s e d ,  
r a t i o m e t e r  c i r c u i t  i s  shown i n  a p p e n d ix  A. The c h opp ing  r a t e  was m a in ta in e d ^  
a t  a  f r e q u e n c y  o f  20 Hz to  a l lo w  enough t im e  f o r  t h e  d i f f u s i o n  o f  t h e  |  
io n s  th ro u g h  t h e  s p a c e  c h a rg e .
The dye l a s e r  w a v e le n g th  was c a l i b r a t e d  u s in g  a neon  h o l lo w  c a th o d e  j
d i s c h a r g e  lamp as  d e s c r i b e d  more f u l l y  i n  a p p e n d ix  B. Once c a l i b r a t e d ,  5
th e  chang ing  w a v e le n g th  was m o n i to re d  by o b s e rv in g  t h e  t r a n s m i s s i o n s  o f  4
a fu se d  s i l i c a  F a b r y - P e r o t  é t a l o n .
A t y p i c a l  e x p e r im e n ta l  i o n i z a t i o n  sp e c tru m  o f  Rb o b ta in e d  u s in g  th e
b roadband  (0 .0 2  nm) v e r s i o n  o f  t h e  dye l a s e r  i s  shown i n  f i g u r e  8 . T h is  ^
shows t h e  n^P s e r i e s  o f  Rb from  n « 23 to  n = 50 o v e r  t h e  a p p ro x im a te  S
w a v e le n g th  ra n g e  297 nm to  299 nm. UV powers w ere  t y p i c a l l y  l e s s  t h a n  4
1 mW. To o b t a i n  t h i s  s p e c tru m  t h e  b i r é f r i n g e n t  t u n in g  e lem en t  and ]
c r y s t a l  p h a s e -m a tc h in g  t e m p e r a tu r e  w ere  ganged t o g e t h e r  a s  d e s c r i b e d  i n  ;
o .iC h a p te r  V. The oven  t e m p e r a tu r e  was a b o u t  180 C and  th e  b u f f e r  gas  4
p r e s s u r e  was a b o u t  1 t o r r .  A t y p i c a l  i o n i z a t i o n  s i g n a l  was found  to  3
change w i th  b u f f e r  gas  p r e s s u r e ;  b e in g  re d u c e d  a t  h i g h e r  p r e s s u r e s  as  4
e x p e c t e d ,  b u t  good s i g n a l  to  n o i s e  r a t i o s  were s t i l l  o b t a in e d  a t  p r e s s u r e s  %
i n  t h e  r e g i o n  o f  10 t o r r .  The l o c k - i n  a m p l i f i e r  i n t e g r a t i o n  t im e  was
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1 s e c .  D e s p i te  t h e  u s e  o f  a r a t i o m e t e r , c l i f f e r e r e n c e s  i n  peak h e i g h t s  
i n  f i g u r e  8 a r e  due m ain ly  t o  f a s t  changes i n  t h e  dye l a s e r  i n t e n s i t y .
More s p e c t r a  a r e  shown i n  f i g u r e s  9 ,  10 .  T hese  w ere  t a k e n  w i th  
th e  l a s e r  l i n e w i d t h  r e d u c e d  t o  0 .0 0 2  nm and scanned  o v e r  t h e  r a n g e  c l o s e  
to  th e  Rb i o n i z a t i o n  l i m i t .  The e x p e r im e n ta l  d e t a i l s  a r e  s i m i l a r  to  
th o s e  r e l a t i n g  t o  f i g u r e  8 .  W ith t h e  red u c e d  l a s e r  l i n e w i d t h , s t a t e s  up 
to  n = 64 a r e  shown i n  f i g u r e  9 . A s low er  s c a n  o f  t h e  s h o r t  w a v e le n g th  
r e g i o n  i s  shown i n  f i g u r e  10 . Here i t  i s  p o s s i b l e  t o  r e s o l v e  n^P s t a t e s  
up to  n = 74. In  t h i s  r e g i o n  th e  s p l i t t i n g  be tw een  th e  l i n e s  o f  th e  
p r i n c i p a l  s e r i e s  i s  com parab le  t o  t h e  D opp le r  w i d t h ,  so i f  s i g n i f i c a n t l y  
h i g h e r  s t a t e s  a r e  t o  be  o b s e r v e d ,D o p p l e r - f r e e  s p e c t r o s c o p y  w i l l  have  to  
be  em ployed.
By o b s e r v in g  f i g u r e  1 0 , i t  can  be  s e e n  t h a t  n e a r  t h e  b a s e  o f  t h e  
p r i n c i p a l  s e r i e s  r e s o n a n c e s , t h e r e  a p p e a r s  to  be some u n r e s o lv e d  s t r u c t u r e ,  
which e v e n t u a l l y  becomes co m parab le  i n  h e i g h t  to  th e  r e s o n a n c e s .  T h is  
i s  a t t r i b u t e d  to  t h e  S t a r k  m ix ing  o f  t h e s e  h ig h  l y i n g  s t a t e s  w i th  t h e  
n^P and n^D s e r i e s  n e ig h b o u r s  c a u se d  by t h e  sm a l l  v o l t a g e  d e v e lo p e d  by 
t h e  h e a t e r  c u r r e n t  a lo n g  t h e  c a th o d e .  As t h e  p r i n c i p a l  quantum number 
i n c r e a s e s , t h e  S t a r k  e n e rg y  s h i f t  becomes l a r g e r  and t h e  m ix ing  s t r o n g e r  i n  
a c c o rd a n c e  w i th  t h e  i n c r e a s e  i n  h e i g h t  o f  t h e  u n r e s o lv e d  l i n e s .  T h is  
i s  p e rh a p s  b e t t e r  i l l u s t r a t e d  i n  f i g u r e  11 . T h is  i s  a s c a n  s i m i l a r  to  
t h a t  o f  f i g u r e  9 e x c e p t  t h a t  t h e  v e r t i c a l  s c a l e  h a s  b een  expanded by 
a b o u t  a f a c t o r  o f  t e n .  The p r i n c i p a l  s e r i e s  members a ro u n d  n -  40 can  
be c l e a r l y  s e e n  b u t  be tw een  them t h e r e  i s  e v id e n c e  o f  two o t h e r  
r e s o n a n c e s .  We s h a l l  show t h a t  t h e s e  weak l i n e s  a r e  S t a r k  in d u ce d  
t r a n s i t i o n s  to  th e  n^S and n^D s e r i e s .
The v o l t a g e  a p p l i e d  be tw een  th e  ends o f  t h e  c a th o d e  was i n  t h e  
r e g i o n  o f  IV a n d , s i n c e  t h e  c a th o d e - to - a n o d e  s p a c in g  i s  a b o u t  1 cm,a
4
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f i e l d  o f  up to  1 V cm*'^ e x i s t s  a t  some p o i n t s  a lo n g  th e  c a th o d e .  T h is  ^
s t r a y  v o l t a g e  was e l i m i n a t e d  by t h e  i n c l u s i o n  o f  a g r i d  be tw een  th e  
anode and c a th o d e .  T h is  g r i d  was made o f  a 60 mm x 10 mm p i e c e  o f  
s t a i n l e s s  s t e e l  mesh and l o c a t e d  w i th  a f o u r t h  s t a i n l e s s  s t e e l  rod  ( se e  
f i g u r e  6 ( b ) ) .  T here  w ere  now two r e g i o n s  i n  t h e  d e t e c t o r ;  a f i e l d  
c o n t r o l l e d  r e g i o n  w here t h e  io n s  were c r e a t e d  and a sp a ce  c h a rg e  l i m i t e d  f
r e g i o n  w here th e y  w ere  d e t e c t e d .  The f i e l d  c o n t r o l l e d  r e g i o n  co u ld  be 
made f i e l d - f r e e  by s h o r t i n g  t h e  g r i d  to  th e  anode . The Rb atoms w ere  4
th e n  c o m p le te ly  u n p e r tu r b e d  by s t a y  f i e l d s .  T h is  mode o f  o p e r a t i o n  i s  3
u s e f u l  i f  p r e c i s i o n  m easurem ents  o f  th e  Rb Rydberg s t a t e s  a r e  r e q u i r e d .
I f ,  on t h e  o t h e r  h a n d ,  i t  i s  d e s i r e d  to  s tu d y  th e  S t a r k  e f f e c t  a f i e l d  
can  be a p p l i e d  be tw een  th e  g r i d  and anode . P ro v id e d  t h a t  th e  anode i s  
made p o s i t i v e  w i th  r e s p e c t  to  th e  g r i d  th e  c r e a t e d  io n s  w i l l  d r i f t ,  u n d e r  |-
t h e  i n f l u e n c e  o f  t h e  f i e l d ,  th ro u g h  th e  g r i d  and i n t o  t h e  sp ace  c h a rg e  
l i m i t e d  r e g i o n  where th e y  w i l l  be  d e t e c t e d .
A sp e c tru m  t a k e n  w i th  t h e  th e r m io n ic  t r i o d e  i s  shown i n  f i g u r e  12 .
The bo tto m  t r a c e  i s  t a k e n  w i th  no f i e l d  a p p l i e d  and t h e  u p p e r  w i t h  a f i e l d  
o f  5 V cm~l a p p l i e d .  The l a s e r  u se d  was t h e  na rrow  band sy s tem  and th e  
Rb s t a t e s  a ro u n d  40^P were e x c i t e d .  As can  be  se en  i n  t h e  b o t to m  t r a c e  
t h e r e  i s  no s ig n  o f  any i n t e r m e d i a t e  s t a t e s  be tw een  th e  n^P s t a t e s .
T h is  was t r u e  even w i th  t h e  v e r t i c a l  s e n s i t i v i t y  i n c r e a s e d  by a f a c t o r  o f  
100. T h is  i s  i n  c o n t r a s t  to  t h e  p r e v io u s  d io d e  w here  i n t e r m e d i a t e  
s t a t e s  co u ld  c l e a r l y  be s e e n .  When a f i e l d  o f  5 V cm”  ^ i s  a p p l i e d ,  as  
i n  th e  u p p e r  t r a c e ,  t h e  n^S and  n^D s e r i e s  a r e  r e a d i l y  e x c i t e d .
The s e n s i t i v i t y  o f  t h e  t r i o d e  was somewhat r e d u c e d  o v e r  t h e  d io d e
ia r ra n g e m e n t ,  p resu m a b ly  b e c a u s e  t h e  anode to  c a th o d e  s p a c in g  was l a r g e r  4
i n  t h e  t r i o d e  and b e c a u s e  some io n s  w i l l  be l o s t  i n  go in g  th ro u g h  t h e  g r i d .
: ''
The s e n s i t i v i t y  o f  t h e  t r i o d e  was d e p e n d e n t  on  t h e  a p p l i e d  v o l t a g e ,
f a l l i n g  to  a b o u t  10% o f  i t s  f i e l d - f r e e  v a lu e  a t  a f i e l d  o f  a b o u t  
20 V . T h is  was p r o b a b ly  due to  t h e  i n e f f i c i e n t  s h i e l d i n g  o f  th e
g r i d  a l lo w in g  t h e  S t a r k  v o l t a g e  to  u p s e t  t h e  sp a ce  c h a rg e  r e g i o n .
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Even f o r  t h e  h ig h  l y i n g  s t a t e s  , t h e  r e s o l u t i o n  o f  t h e  l a s e r  was
i n s u f f i c i e n t  t o  d e t e c t  S t a r k  e n e rg y  s h i f t s  a t  t h e  a p p l i e d  f i e l d s  a l lo w e d  ^
by t h e  d e t e c t o r .  For example t h e  S t a r k  en e rg y  s h i f t  o f  t h e  50^D s t a t e
o f  Rb w i l l  be  i n  t h e  r e g i o n  o f  0 .2  cm**^  f o r  an a p p l i e d  f i e l d  o f  5 V cm~^ 4X
a c c o r d in g  to  e q u a t i o n  ( 6 ) .  T h is  S t a r k  s h i f t  i s  to o  sm a l l  to  be e a s i l y  >1
d e t e c t e d  w i th  t h e  l a s e r  s i n c e  i t s  l i n e w i d th  i s  com parab le  to  t h e  
e s t im a te d  S t a r k  s h i f t .  T h is  i s  co n f i rm ed  by o b s e rv in g  th e  i n t e n s i t y  o f  
t h e  f o r b i d d e n  l i n e s .  Very r o u g h l y ,  t h e  i n t e n s i t y  o f  t h e  a l lo w e d  l i n e s  4
i s  e q u a l  to  t h e  r a t i o  o f  th e  S t a r k  en e rg y  s h i f t  t o  t h e  s e p a r a t i o n  be tw een
t h e  l i n e s ^ .  I n t e n s i t y  r a t i o s  w ere  o f  t h e  o r d e r  o f  0 .1  and so t h e  r a t i o s
o f  t h e  s h i f t s  i s  e x p e c te d  to  be  a b o u t  t h e  same s i z e .  The s e p a r a t i o n  
be tw een  t h e  h ig h  l y i n g  s t a t e s  was a b o u t  0 .5  cm*”  ^ and s h i f t s  an  o r d e r  o f  
m ag n i tu d e  down on t h i s  would n o t  be d e t e c t e d .
By in d u c in g  f o r b i d d e n  t r a n s i t i o n s  w i th  a s m a l l  e l e c t r i c  f i e l d  
(v 5 V cm” ^) i t  i s  p o s s i b l e  t o  e x c i t e  t h e  n^S, n^F and n^D s e r i e s  i n  th e  
same r u n .  The te rm  v a l u e s  o f  t h e  Rb p r i n c i p a l  s e r i e s  have  been  d e te rm in e d  
to  w i t h i n  0 .01  cm”  ^ by K ra tz  up to  a p r i n c i p a l  quantum number o f  n = 77
by o b s e rv in g  th e  a b s o r p t i o n  o f  a con tinuum  s o u rc e  i n  t r a v e r s i n g  a 40 m t o  
50 m a b s o r p t i o n  l e n g t h .  We have  d e te rm in e d  te rm  v a lu e s  o f  t h e  n^S and n^D 
s e r i e s  by l i n e a r  i n t e r p o l a t i o n  be tw een  th e  n^P s t a t e s .
The m easured  te rm  v a l u e s  o f  t h e  and s e r i e s  d e te rm in e d  i n  o u r  e x p - 4 
e r im e n t  a r e  t a b u l a t e d  i n  T a b le  2 . The e x p e c te d  a c c u r a c y  o f  t h e  te rm  v a lu e s  
i s  a b o u t  0 .3  cm*^. A lso  shown i n  t h e  t a b l e  i s  t h e  e f f e c t i v e  p r i n c i p a l  4
quantum number and t h e  quantum  d e f e c t s  o f  each  o f  t h e  l e v e l s  c a l c u l a t e d  
u s in g  t h e  s e r i e s  l i m i t  g iv e n  by M oore^, The mean v a l u e  o f  t h e  quantum
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d e f e c t  f o r  th e  n^S s e r i e s  i s  3 .14  +_ 0 .04  and f o r  th e  n^D s e r i e s  4
i s  1 .3 5  2  0 .0 3 .  T h is  a g re e s  w i th  t h e  t a b u l a t e d  v a lu e s  o f  3 .1 3  and 1 .34
5g iv e n  by P a u l in g  and Goudsmit f o r  low er l y in g  l e v e l s .  We t a k e  t h i s  
to  i n d i c a t e  t h a t  t o  w i t h i n  th e  r e s o l u t i o n  o f  th e  e x p e r im e n t  t h e  S t a r k
en e rg y  s h i f t s  a r e  n o t  s i g n i f i c a n t .
■1:
IT hroughout t h e  c o u r s e  o f  t h e s e  e x p e r im e n ts  t h e  s t a i n l e s s  s t e e l  *4
t r i o d e  a rra n g e m e n t  was found  to  be a v e ry  r e l i a b l e  d e t e c t o r  o f  Rydberg 
s t a t e s  and to  be e x t r e m e ly  s e n s i t i v e .  A s t a i n l e s s  s t e e l  oven w i l l  a l lo w  4
much h i g h e r  v ap o u r  p r e s s u r e s  t o  be used  th a n  w i th  a g l a s s  c e l l  s i n c e  
i t  i s  much more c o r r o s i o n  r e s i s t a n t  to  th e  a l k a l i  m e t a l s .  T h is  s h o u ld  
a l lo w  s t u d i e s  o f  p r e s s u r e  b ro a d e n in g  e f f e c t s  on th e  h ig h  l y i n g  l e v e l s  
and a l s o  o f  t h e  p o s s i b l e  e f f e c t s  on t h e  Rb£ m o le c u le .
I
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V I .6 A P roposed  D o p p le r  F ree  E xper im en t
In  t h i s  s e c t i o n , a  p ro p o se d  e x p e r im e n t  b a sed  on D o p p le r  f r e e  
s a t u r a t e d  a b s o r p t i o n  i s  d e s c r i b e d .  Using th e  method d e s c r i b e d , i t  s h o u ld  
be  p o s s i b l e  t o  o b s e rv e  t h e  v e r y  h ig h  ly in g  n^P s t a t e s  o f  Rb w i th o u t  
t h e  D opp le r  e f f e c t  m ask ing  t h e  f e a t u r e s  such  as  t h e  f i n e  s t r u c t u r e  and 
S t a r k  ene rgy  s h i f t s .  The a b s o l u t e  m easurem ent o f  t h e  S t a r k  e n e rg y  s h i f t  
f o r  t h e s e  h ig h  l y i n g  l e v e l s  w i l l  th e n  g iv e  b o th  th e  t e n s o r  and s c a l a r  
p o l a r i z a b i l i t y ^ ^ .  T h is  s h o u ld  be i n t e r e s t i n g  s i n c e  o n ly  t h e  t e n s o r  
p o l a r i z a b i l i t y , w hich a f f e c t s  t h e  s p l i t t i n g  be tw een  S t a r k  s u b l e v e l s ,  can  A 
be m easured  u s in g  r f  o r  quantum  b e a t  t e c h n i q u e s .  The f i n e  s t r u c t u r e  
m easurem ents  would com plim ent t h o s e  o f  Harvey and S t o i c h e f f ^  f o r  t h e  
n^D s t a t e s  u s in g  two p h o to n  D o p p l e r - f r e e  s p e c t r o s c o p y .
S a t u r a t e d  a b s o r p t i o n  h a s  become a w id e ly  u sed  t e c h n iq u e  f o r  th e  
e l i m i n a t i o n  o f  t h e  D o p p le r  e f f e c t ^ ^ .  A t y p i c a l  e x p e r im e n ta l  s e t - u p  
i s  shown i n  f i g u r e  1 3 ,  The o u tp u t  from  a s i n g l e  mode tu n a b l e  l a s e r  i s  
s p l i t  i n t o  a weak p ro b e  beam and a s t r o n g  s a t u r a t i n g  beam. The s t r o n g
I
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beam i s  t h e n  m o d u la ted  by a c h o p p e r .  The two beams a r e  d i r e c t e d  i n t o  
t h e  a b s o r p t i o n  c e l l  i n  o p p o s i t e  d i r e c t i o n s  w i th  as much o v e r l a p  a s  |
p o s s i b l e .  The p ro b e  beam i s  m o n ito re d  by a p h o t o d e t e c t o r .  When th e  
l a s e r  i s  tu n ed  to  w i t h i n  t h e  D opp le r  w id th  o f  a  t r a n s i t i o n  each  beam w i l l  ' ?
i n t e r a c t  w i th  a d i f f e r e n t  v e l o c i t y  group  o f  atoms and t h e  two beams w i l l  
behave  i n d e p e n d e n t ly  o f  e a c h  o t h e r .  H o w e v e r , i f  t h e  l a s e r  i s  tu n e d  to
w i t h i n  t h e  n a t u r a l  l i n e w i d t h  o f  t h e  t r a n s i t i o n  b o th  beams w i l l  i n t e r a c t  4
'<•w i th  t h e  same group  o f  a to m s .  The s a t u r a t i n g  beam i s  assumed to  be  %
s u f f i c i e n t l y  i n t e n s e  t h a t  i t  s i g n i f i c a n t l y  changes th e  p o p u l a t i o n s  o f  t h e  
ground  and e x c i t e d  s t a t e s .  When th e  s a t u r a t i n g  beam i s  ' o n ' , t h e  ground 
s t a t e  p o p u l a t i o n  w i l l  be  re d u c e d  and th e  sample w i l l  become more t r a n s p a r e n t  
t o  t h e  p ro b e  beam. T h e r e f o r e  t h e  p ro b e  beam w i l l  be  m o d u la te d  a t  t h e  same 
f r e q u e n c y  a s  t h e  s a t u r a t i n g  beam when t h e  l a s e r  i s  tu n e d  w i t h i n  t h e  n a t u r a l  
l i n e w i d t h .  T h is  m o d u la t io n  can  be p ic k e d  o u t  w i th  a  l o c k - i n  a m p l i f i e r  
and  a  r e s o n a n c e  w hich i s  f r e e  o f  t h e  D opp le r  e f f e c t  w i l l  be o b t a i n e d .  The 
maximum s e n s i t i v i t y  o f  t h i s  m ethod i s  l i m i t e d  by th e  minimum d e t e c t a b l e  
m o d u la t io n  on to p  o f  a  l a r g e  p ro b e  beam b a c k g ro u n d .  The maximum s e n s i t i v i t y   ^
o f  a  s a t u r a t i o n  s p e c t r o m e te r  h a s  b een  rev iew ed  by Sh im oda^^. He has  shown 
t h a t  s a t u r a t e d  a b s o r p t i o n  s p e c t r o s c o p y  i s  a b o u t  3 t im e s  l e s s  s e n s i t i v e  
th a n  l i n e a r  a b s o r p t i o n  s p e c t r o s c o p y .  The minimum d e t e c t a b l e  a b s o r p t i o n  i s  
u s u a l l y  t a k e n  to  be a b o u t  1%. C l e a r l y ,  s t a n d a r d  s a t u r a t e d  a b s o r p t i o n  c a n n o t  
be used  f o r  t h e  weak t r a n s i t i o n s  in v o lv e d  i n  d e t e c t i n g  Rydberg s t a t e s .
I%I
The s e n s i t i v i t y  o f  s a t u r a t e d  a b s o r p t i o n  c an  be i n c r e a s e d  by m o n i to r in g  
th e  f l u o r e s c e n c e  i n t e n s i t y  from  t h e  sam ple  when atoms a r e  e x c i t e d  by th e  
s t a n d i n g  wave f i e l d .  T h is  method was p ro p o se d  by Basov and Letokhov^^  and 
has  been  d e m o n s t ra te d  by F re ed  and J a v a n ^ ^ , In  t h i s  m ethod a  sm a l l  change *
i n  th e  f l u o r e s c e n c e  i n t e n s i t y  i s  m o n i to re d  as  t h e  l a s e r  i s  tu n ed  to  w i t h i n  
t h e  n a t u r a l  l i n e w i d t h .  A s e n s i t i v e  method o f  i s o l a t i n g  t h i s  sm a l l  d i p  i n
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d ia g ra m  o f  a t y p i c a l  e x p e r im e n ta l  s e t - u p  i s  shown i n  f i g u r e  14 . The
27l i m i t e d  s o l e l y  by t h e  s p a c e  c h a rg e  l i m i t e d  d e t e c t o r .  Popescu  e t  a l  
have  r e p o r t e d  d e t e c t i o n  s e n s i t i v i t i e s  a s  low as  one io n  p e r  second  and 
i t  would t h e r e f o r e  a p p e a r  p o s s i b l e  t h a t  t h e  Rydberg s t a t e s  c o u ld  be 
i n v e s t i g a t e d  w i th o u t  D o p p le r  b r o a d e n in g  i n  t h i s  way. F u r th e r  s u p p o r t  f o r  
t h i s  v iew  i s  g iv e n  by th e  work o f  Harvey and S t o i c h e f f ^  w h o ,w ith  a s i n g l e  
mode CW dye l a s e r  beam o f  50 mW have  been  a b le  t o  d e t e c t  two ph o to n  
r e s o n a n c e s  w i t h  good s i g n a l - t o - n o i s e  r a t i o s .  The c u r r e n t  m o d u la t io n  
e x p e c te d  i n  th e  c a s e  o f  t h e  d e t e c t i o n  o f  Rb i s  now e s t i m a t e d  to  e s t a b l i s h  
t h e  r e q u i r e d  s e n s i t i v i t y  o f  t h e  d e t e c t o r .
■s
f lu o r e s c e n c e  has  b e e n  u se d  by Sorem and Schawlow^^. A s c h e m a tic  ^
a r ra n g e m e n t  i s  s i m i l a r  to  t h a t  f o r  s a t u r a t e d  a b s o r p t i o n  e x c e p t  t h a t  th e  MI
two beams a r e  u s u a l l y  o f  e q u a l  i n t e n s i t y  and t h a t  one i s  chopped a t  a  
f r e q u e n c y  f^  and th e  o t h e r  a t  a f r e q u e n c y  f 2 . When t h e  l a s e r  i s  tuned  
to  w i t h i n  t h e  n a t u r a l  l i n e w i d t h  o f  t h e  r e s o n a n c e  f o r  s a t i o n a r y  atoms 
t h e  f l u o r e s c e n c e  w i l l  be  m o d u la ted  a t  f r e q u e n c ie s  + ^2# ~ ^2 %
w e l l  a s  f j  and f 2 . However t h e  m o d u la t io n s  a t f ^  + f 2 and f % -  f 2 w i l l  4
o n ly  a p p e a r  on r e s o n a n c e ,u n l i k e  t h e  s i g n a l  a t  m o d u la t io n  f r e q u e n c i e s  %
f 1 and f 2 w hich  w i l l  be p r e s e n t  th ro u g h o u t  t h e  D opp le r  p r o f i l e .  T h e r e f o r e ,  
i f  a  l o c k - i n  a m p l i f i e r  i s  tu n e d  to  f % + f 2 t h i s  r e s o n a n c e  w i l l  a p p e a r  
w i th  v i r t u a l l y  no b a c k g ro u n d .
D e t e c t io n  o f  t h e  Rydberg s t a t e s  o f  Rb w i th  a sp a ce  c h a rg e  l i m i t e d  
d e t e c t o r  i s  v e ry  s i m i l a r  t o  f l u o r e s c e n c e  d e t e c t i o n  e x c e p t  t h a t  an  io n  i s  
r e s p o n s i b l e  f o r  t h e  s i g n a l  i n s t e a d - o f  a  p h o to n .  For h ig h  l y i n g  s t a t e s  t h e  
quantum e f f i c i e n c y  f o r  i o n i z a t i o n  i s  a lm o s t  u n i t y  and th e  c o l l e c t i o n  
s o l i d  a n g le  can  be  made a lm o s t  4 tt . P ro v id e d  t h a t  m o d u la t io n  a t  t h e  
d i f f e r e n c e  f r e q u e n c y  f % -  f 2 o r  a t  f % and f j  i s  s u f f i c i e n t l y  w e l l  
d i s c r i m i n a t e d  by t h e  e l e c t r o n i c s  , t h e  s e n s i t i v i t y  o f  d e t e c t i o n  s h o u ld  be
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The a b s o r p t i o n  c o e f f i c i e n t  a t  a  l a s e r  f r e q u e n c y  w f o r  a D opp le r
b ro ad en ed  t r a n s i t i o n  i n  t h e  p r e s e n c e  o f  a s t a n d i n g  wave o f  i n t e n s i t y  I
, 48IS g iv e n  by






« (r /6wm*){exp [ - (w-Q ) ^ -o ° Z^s (w-n )2+Y%} (11)
where i s  t h e  r e s o n a n c e  f r e q u e n c y  and y i s  t h e  n a t u r a l  l i n e w i d t h , o r  l a s e r  
l in e w id th ,w h ic h e v e r  i s  t h e  l a r g e r .  The o t h e r  p a ra m e te r s  a r e  , t h e  low i n t e n s i t y  
a t t e n u a t i o n  c o e f f i c i e n t  f o r  a hom ogeneously  b ro ad en ed  t r a n s i t i o n , g iv e n  by
( 12 )
and N i s  t h e  ground s t a t e  p o p u l a t i o n  number d e n s i t y ,  y i s  t h e  d i p o l e  
m a t r ix  e le m en t  o f  t h e  t r a n s i t i o n  and o t h e r  symbols have  t h e i r  u s u a l  
m ean ing . The s a t u r a t i o n  i n t e n s i t y  1^ i s  g iv e n  by
Ig = c h 2 / 2 [ y 12y2 (13)
where we have  assumed e q u a l  t r a n s v e r s e  and l o n g i t u d i n a l  r e l a x a t i o n ,  t i m e s . 
The l i n e w i d t h  Am i s  r e l a t e d  to  t h e  D o p p le r  w id th  and i s  g iv e n  by
Am (14)
Me'
where M i s  t h e  a to m ic  m ass ,  k i s  B o l tz m a n 's  c o n s t a n t  and T i s  t h e  
t e m p e r a t u r e .
The r a t e  o f  p r o d u c t i o n  o f  io n s  i s  p r o p o r t i o n a l  t o  t h e  a b so rb e d  power 
and f o r  low a b s o r p t i o n  i s  g iv e n  by
n(m) = n ALI r (m)/hm (15)
w here q i s  t h e  quantum e f f i c i e n c y  f o r  t h e  c o l l e c t i o n  o f  i o n s ,  A i s  th e  
a r e a  o f  t h e  l a s e r  beam and L i s  t h e  a b s o r p t i o n  l e n g t h .
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Assuming t h a t  t h e  l a s e r  i s  tu n ed  to  n e a r  t h e  c e n t r e  o f  th e  D opp ler  
w i d t h ,t h e  f i r s t  p a r t  i n  th e  b r a c k e t s  o f  e q u a t io n  (11) i s  e q u a l  t o  u n i t y  
and th e  r a t e  o f  i o n  d e t e c t i o n  can  be w r i t t e n  
n AL Ti
n(w) h (U
l2[ I -  ) X . ] . (16)
The l a s e r  i n t e n s i t y  i s  g iv e n  by two c o n t r i b u t i o n s ,  I j  and I 2 w here  
I  = I l  + I 2 . I t  i s  assumed t h a t  1% i s  m odu la ted  a t  f r e q u e n c y  f 1 and I 2 
i s  m odu la ted  a t  f r e q u e n c y  f 2 and t h a t
I l  “ ( 1 ^ /2 ) ( 1  + cos  f i  t ) ,  I 2 = ( I q / 2 ) ( 1  + co s  fg  t ) .  (17)
The component o f  i o n  c u r r e n t  m o d u la te d  a t  f r e q u e n c y  f^  + f 2 on r e s o n a n c e  
i s  g iv e n  by
(18)
T h is  c a n  be compared w i th  t h e  io n  s i g n a l  e x p e c te d  a t  f r e q u e n c y  f % 
in  a  s t a n d a r d  i o n i z a t i o n  d e t e c t i o n  sy s tem  g iv e n  by
(19)
T h e r e f o r e  t h e  s a t u r a t e d  i o n i z a t i o n  s i g n a l  a t  m o d u la t io n  f r e q u e n c y  f 1 + f 2 
i s  a f a c t o r  ( 1 / 4 ) I ^ / I g  down on th e  m o d u la t io n  s i g n a l  e x p e c te d  by s t r a i g h t *  




I n  o r d e r  to  e v a l u a t e  t h e  e x p r e s s io n s  f o r  t h e  r e l a t i v e  s e n s i t i v i t y
o f  ’ s a t u r a t e d ’ i o n i z a t i o n  to  ’ l i n e a r ’ i o n i z a t i o n  i t  i s  n e c e s s a r y  to  know
th e  d i p o l e  m a t r i x  e le m e n ts  o f  t h e  h ig h  l y i n g  Rb s t a t e s .  I t  i s  w e l l  known^
t h a t  t h e  o s c i l l a t o r  s t r e n g t h  o f  hyd ro g en  and th e  a l k a l i  m e ta l s  f a l l s  of f*
a s  f  V n~3. T h is  i s  u se d  to  g iv e  an  o r d e r  Of m ag n itu d e  e s t i m a t e  o f  t h e
m a t r ix  e le m e n t .  The r e l a t i o n s h i p  be tw een  o s c i l l a t o r  s t r e n g t h  and d i p o l e
m a t r i x  e le m en t  ( n e g l e c t i n g  s t a t i s t i c a l  w e ig h ts )  i s  a p p ro x im a te ly  g iv e n  i n  
49a to m ic  u n i t s  as
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| y | 2  = 3 , 3  X 10-13 X f  (20) |
where  X i s  t h e  w a v e le n g th  o f  t h e  t r a n s i t i o n  m easured  i n  m e t r e s .  The h ig h  
ly in g  s t a t e s ’ o f  Rb a r e  a t  a w a v e le n g th  o f  a b o u t  300 nm and th e  d i p o l e  
m a t r ix  e le m e n ts  can  t h e r e f o r e  be  ap p ro x im a te d  by
| y | 2  = 7 X  10-78 ^ -3  (21)
w here y i s  m easured  i n  m e tre  Coulombs.
In  o r d e r  to  e v a l u a t e  t h e  s a t u r a t i o n  i n t e n s i t y  I  t h e  n a t u r a l  "s
l i n e w i d t h  y must be  e s t i m a t e d .  The n a t u r a l  l i f e t i m e  o f  t h e  h ig h  l y i n g
s t a t e s  i s  v e ry  lo n g  and  t h e  n a t u r a l  l i n e w i d t h  w i l l  be dom ina ted  by
p r e s s u r e  b r o a d e n in g .  U sing  a l a s e r  o f  10 MHz l i n e w i d t h ,  Harvey and 
4S t o i c h e f f  have  n o t  been  a b l e  to  d e t e c t  p r e s s u r e  b r o a d e n in g  o f  s t a t e s  
up to  a t  l e a s t  n = 85 a t  p r e s s u r e s  i n  t h e  r e g io n  o f  10"^ t o r r .  The 
f a c t o r  Y w i l l  t h e r e f o r e  be  a p p ro x im a te ly  g iv e n  by t h e  l a s e r  l i n e w i d t h  
w hich  i s  t a k e n  to  be 10 MHz, T h u s , t h e  s a t u r a t i o n  i n t e n s i t y  f o r  a  s t a t e  
o f  p r i n c i p a l  quantum  number n on e v a l u a t i n g  e q u a t i o n  (13) i s
I g ( W m - 2 )  = 2  n 3 .  ( 2 2 )
The D o p p le r  w id th  f o r  Rb a t  200°C i s  1 GHz and hen ce  i s  a p p ro x im a te ly
r i ( m - l )  = 30 p /n3  (23)
where we have used  t h e  f a c t  t h a t  t h e  d e n s i t y  o f  atom s can  be w r i t t e n
N(m-3) = 9 .6 6  x  10%^  p ( t o r r ) / T .  (24)
Using t h e s e  v a lu e s  o f  1^ g iv e n  i n  e q u a t io n  (22), th e  r a t i o  o f  ' s a t u r a t e d  
i o n i z a t i o n '  to  ' l i n e a r  i o n i z a t i o n '  a t  a  UV l a s e r  power o f  1 mW i n  a 1 mm |
d ia m e te r  beam i s  r o u g h ly  10^ n ~ 3 , T h is  r a t i o  v a r i e s  be tw een  a b o u t  
8 X 10-4 and 2 x  10“ 4 f o r  s t a t e s  o f  p r i n c i p a l  quantum number be tw een
. ‘"h
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n = 50 and n = 80. The s i g n a l  to  n o i s e  r a t i o  i n  t h e  i o n i z a t i o n  
e x p e r im e n ts  where a b u f f e r  gas was in c lu d e d  was be tw een  10^ and 10^ .
By u s in g  a c e l l  w i th  no b u f f e r  gas t h e  s e n s i t i v i t y  and s i g n a l  to  n o i s e  
r a t i o  would be  i n c r e a s e d .  The s a t u r a t e d  i o n i z a t i o n  s i g n a l  s h o u ld  e a s i l y  I
be o b s e r v a b l e  a l t h o u g h  t h i s  would p r o b a b ly  mean r e s o r t i n g  to  a  p y re x  
c e l l . w h e r e  t h e  e v id e n c e  was t h a t  h i g h e r  s i g n a l  to  n o i s e  r a t i o s  w ere  
p o s s i b l e .
■5'
27 ‘1The minimum d e t e c t a b l e  i o n  c u r r e n t  r e p o r t e d  by Popescu  e t  a l  was #
be tw een  1 and 10 io n s  p e r  s e c o n d .  I t  i s  t h e r e f o r e  i n t e r e s t i n g  to
c a l c u l a t e  t h e  i o n  p r o d u c t i o n  r a t e  e x p e c te d  i n  t h i s  e x p e r im e n t .  Assuming *
t h a t  i o n s  can  be  d e t e c t e d  w i th  100% quantum e f f i c i e n c y  and t h a t  th e  
a b s o r p t i o n  l e n g t h  i s  1 cm t h e  i o n  r a t e  f o r  a  1 mW beam o f  1 mm d ia m e te r  
i s  a p p ro x im a te ly  g iv e n  as
»
n(S^^ ,fl  + f 2 ) ( s e c - 1 )  = 2 x lO^^ n-G .
Even a t  t h e  v e r y  h i g h e s t  l y i n g  Rydberg l e v e l s  t h i s  e q u a t i o n  p r e d i c t s  :
a c o m fo r ta b ly  l a r g e  io n  c u r r e n t  (eg  a p p ro x im a te ly  8 x  10^ se c -1  a t  n = 80) . 4
I t  i s  t h e r e f o r e  co n c lu d e d  t h a t  t h e  te c h n iq u e  o f  s a t u r a t e d  i o n i z a t i o n  
p ro p o se d  f o r  t h e  d e t e c t i o n  o f  D o p p le r  f r e e  r e s o n a n c e s  may be s u c c e s s f u l l y  
a p p l i e d  to  h ig h  ly in g  s t a t e s  o f  R b . The r e d u c t i o n  i n  s e n s i t i v i t y  and d e c r e a s e  
i n  n a t u r a l  l i f e t i m e  i n  t h e  p r e s e n c e  o f  a b u f f e r  gas  may mean t h a t  t h e  
e x p e r im e n t  h a s  t o  be c o n d u c te d  u s in g  a p y re x  vacuum c e l l .  A p a r t  from  th e  
i n c r e a s e  i n  s e n s i t i v i t y  o f  t h e s e  c e l l s , t h e  h ig h  vacuum u s u a l l y  a s s o c i a t e d  
w i th  them w i l l  p r o b a b ly  be  n e c e s s a r y  i f  c a r e f u l  D o p p le r  f r e e  m easu rem en ts  
a r e  t o  be made.
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Element 8 P d f g
L i 0 .4 0 0 .0 4 0 .0 0 0 .0 0 0 .0 0
Na 1 .3 5 0 .8 5  ' 0 ,0 1  ' 0 .0 0 0 ,00 '
K 2 .19 1 .71 0 .2 5 0 .0 0 0 .0 0
Rb 3 .1 3 2 .6 6 1 .3 4 0 .0 1 0 .0 0
Cs 4 ,06 3 .59 2. 46 0 .0 2 0 ,0 0
T ab le  1 Quantum d e f e c t s  f o r  t h e  a l k a l i  m e ta l s  ( ta k e n  
from  r e f e r e n c e  5 ) .
2 2T a b le  2 E x p e r im e n ta l  te rm  v a lu e s  o f  th e  S and D 
s e r i e s  o f  Rb.
2S
n E(cra n* 6 E(cm~l) n* Ô
37 33604 .6 35 .64 1 .3 6
38 33609 .5 36 .69 1 .3 1
39 33613.7 37 .68 1 .3 2 33605.7 35 .87 3 .1 3
40 33617 .5 38 .64 1.36 33610.4 36 .89 3 .11
41 33621 .3 39 .6 8 1 .3 2 33614.5 37 .87 3 .1 3
42 33624 .5  . 40 .6 2 1 .3 8 33618.4 38 ,8 8 3 .1 2
43 33627.7 41 .64 • 1 .36 33621.9 39 .84 3 .1 6
44 33630 .5 4 2 .5 8 1 .3 2 33625.4 40 .89 3.11
45 33633.5 4 3 .6 8 1 .3 2 33628 .4 41 .8 7 3 .1 3
46 33635 ,9 4 4 .6 2 1 .3 8 33631 .3 4 2 .8 7 3 .1 3
47 33638 .3 45 .6 3 1 .3 7 • 33633.9 43 .8 4 3 .1 6
48 33640 .7 46.70, 1 .3 0 • 33636.4 4 4 .8 3 3 .1 7
49 33642 .5 4 7 .5 6 1 .4 4 33638 .8 4 6 .8 0 3 .2 0
50 33644.7 4 8 .6 8 1 .3 2 33643.1 4 7 .8 6 3 .1 6  ,
51 33641.5 49 .66 '■ 1 .34 33645 .0 4 8 .8 4 3 .1 6
52 33648 .3 50 .67 1.33 33646 .8 4 9 .8 2 3 . 1 8  .
53 33649.7 5 1 .6 0 1 .2 7
54 33651.5 5 2 .7 0 1 .3 0  .
(n-3) f n-3
F ig u re  1 . O rd e r in g  o f  th e  e n e rg y  l e v e l s  o f  ru b id iu m .  The ene rgy  
l e v e l s  o f  hyd ry g en  a r e  shown f o r  co m p a r iso n .
P u r e T u n g s t e
R u b id iu m  o n  
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F ig u re  2 . The th e r m io n ic  e m is s io n  c u r r e n t  d e n s i t y  a s  f u n c t i o n  of 
th e  i n v e r s e  o f  t h e  f i l a m e n t  t e m p e r a tu r e  f o r  a tu n g s t e n  
f i l a m e n t  i n  th e  p r e s e n c e  o f  ru b id iu m  v ap o u r  compared 
w i th  t h e  e m is s io n  from  p u re  t u n g s t e n .  The c e l l  
t e m p e r a tu r e  d e te r m in in g  th e  ru b id iu m  v a p o u r  p r e s s u r e  i s  
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F ig u re  6 .  S k e tch e s  o f  t h e  i o n i z a t i o n  p ro b e s  u sed  f o r  t h e  d e t e c t i o n  
o f  Rb Rydberg s t a t e s .  (a)  s im p le  d io d e  a r ra n g e m e n t .
(b) A t r i o d e  a r ra n g e m e n t  e n a b l in g  a f i e l d  c o n t r o l l e d  zone 
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F ig u re  11. Scan o f  t h e  Rb Rydberg s t a t e s  w i th  i n c r e a s e d  
v e r t i c a l  s c a l e  s e n s i t i v i t y .  The n^S and n^D 
s e r i e s  can  be s e e n  to  be  e x c i t e d  b e c a u s e  o f  t h e  
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A SINGLE FREQUENCY 
SECOND HARMONIC DYE LASER
A b s t r a c t
F a s t  s t a b i l i z a t i o n  t e c h n iq u e s  f o r  s i n g l e  f re q u e n c y  
v i s i b l e  dye l a s e r s  a r e  r e v ie w e d .  F requency  s t a b i l i t i e s  o f  
1 p a r t  i n  lO^^and i n t e n s i t y  s t a b i l i t i e s  o f  1 p a r t  i n  10^ a r e  
now p o s s i b l e  u s in g  t h e s e  t e c h n i q u e s .
A p r o t o t y p e  s i n g l e  f r e q u e n c y  second h a rm o n ic  dye l a s e r  
i s  d e s c r i b e d .  The f r e e  ru n n in g  l i n e w i d th  m easu red  a t  ■%
v i s i b l e  w a v e le n g th s  was lOMHz and th e  u l t r a v i o l e t  power was 
O.lmW. The l a s e r  f re q u e n c y  was s t a b i l i z e d  on an  e x t e r n a l  
r e f e r e n c e  c a v i t y  r e s u l t i n g  i n  l in e w i d th s  i n  th e  r e g i o n  o f  
2MHz, F req u en cy  s c a n n in g  was acco m p lish e d  by e i t h e r  a 
t i l t i n g  é t a l o n  m ethod o r  a p i e z o e l e c t r i c a l l y  s can n ed  é t a l o n .
A tu n in g  ran g e  o f  a b o u t  500MHz was a c h ie v e d .  Methods o f  
i n c r e a s i n g  th e  s i n g l e  mode UV pow er, f re q u e n c y  s t a b i l i t y  and tu n in g  f
r a n g e  a r e  p roposed . I n  p a r t i c u l a r ,i t  i s  p ro p o se d  t h a t  f a s t  
f re q u e n c y  s t a b i l i z a t i o n  o f  th e  u l t r a v i o l e t  l a s e r  can  be 
a c c o m p lish e d  by u s in g  th e  same c r y s t a l  a s  ha rm o n ic  g e n e r a t o r  and 
c a v i t y  l e n g t h  m o d u la to r .
, J
V I I .  1
V I I . 1 I n t r o d u c t i o n
One o f  t h e  m ain  a d v a n ta g e s  o f  a c o n t in u o u s  wave l a s e r  o v e r  a p u ls e d  
l a s e r  i s  t h a t  u l t i m a t e l y  v e ry  na rrow  l i n e w i d th s  can be a c h ie v e d .  The 
l i n e w i d t h  o f  a p u l s e d  l a s e r  i s  f u n d a m e n ta l ly  l i m i t e d  by th e  u n c e r t a i n t y  
r e l a t i o n  AwAt > 1 w here Am i s  t h e  l a s e r  l i n e w i d t h  and At i s  t h e  p u l s e  
d u r a t i o n .  For a n i t r o g e n  pumped dye  l a s e r  th e  p u l s e  d u r a t i o n  i s  i n  th e  
r e g i o n  o f  5 n s e c  and th e  l i n e w i d t h  i s  t h e r e f o r e  a t  l e a s t  200 MHz. CW dye 
l a s e r s  have b een  r e p o r t e d  w i th  l i n e w i d t h  o f  l e s s  t h a n  1 kHz a l t h o u g h  1 MHz 
i s  more common i n  p r a c t i c e .  At p r e s e n t  t h e  o n ly  way o f  p ro d u c in g  t u n a b l e  
UV r a d i a t i o n  w i th  l i n e w i d t h s  o f  t h e  o r d e r  o f  1 MHz i s  by f re q u e n c y  d o u b l in g  
a s i n g l e  f re q u e n c y  CW dye l a s e r .  The s u c c e s s f u l  deve lopm en t o f  t u n a b l e  
s i n g l e  f r e q u e n c y  UV r a d i a t i o n  i s  t h e r e f o r e  one o f  t h e  m ost s i g n i f i c a n t  
a s p e c t s  o f  th e  CW f re q u e n c y  d o u b led  dye l a s e r .  T y p ic a l  o u t p u t  powers from  
fu n d am e n ta l  s i n g l e  f r e q u e n c y  CW dye l a s e r s  a r e  100 mW. T h is  power i s  
l i m i t e d  by t h e  dye  l a s e r  go in g  m ultim ode a t  h i g h e r  pump p o w ers .  In  a  
fu n d am e n ta l  l a s e r  t h e  o u t p u t  i s  u s u a l l y  co u p led  th ro u g h  a 4% t r a n s m i t t i n g  
m i r r o r  i n d i c a t i n g  t h a t  i n t r a c a v i t y  powers o f  up to  2.5W s h o u ld  be  e x p e c te d  
b e f o r e  t h e  l a s e r  goes  m u lt im o d e .  The UV power g e n e r a te d  by a 1 .5  cm ADA 
c r y s t a l  i n  a  2.5W l a s e r  c a v i t y  would be a b o u t  2 mW. T h is  power s h o u ld  be  
a d e q u a te  t o  p e r fo rm  a v a r i e t y  o f  s i n g l e  f r e q u e n c y  D o p p le r - ' f r e e  e x p e r im e n t s .
In  t h i s  c h a p te r  some o f  t h e  m ethods o f  p ro d u c in g  s t a b i l i z e d  s i n g l e  
f r e q u e n c y  dye l a s e r s  a r e  r e v ie w e d .  The c o n s t r u c t i o n  o f  a  p r o t o t y p e  s i n g l e  
f r e q u e n c y  UV dye l a s e r  i s  t h e n  d e s c r i b e d  and f u t u r e  im provem ents and 
p o s s i b l e  e x p e r im e n ts  p ro p o s e d .
V I I . 2 S in g le  F requency  Fundam enta l  Dye L a s e r s  
V I I . 2 .1  F requency  S t a b i l i z a t i o n
Some o f  t h e  m ost s i g n i f i c a n t  d ev e lo p m en ts  i n  l a s e r  s p e c t r o s c o p y  i n  
r e c e n t  y e a r s  have  a r i s e n  from  t h e  a v a i l a b i l i t y  o f  s i n g l e  f re q u e n c y  t u n a b l e
V I I .  2
CW dye l a s e r s .  The u l t i m a t e  f r e e - r u n n i n g  l i n e w i d th  o f  a CW dye l a s e r  
i s  d e te rm in e d  by th e  l e n g t h  s t a b i l i t y  o f  th e  l a s e r  c a v i t y .  A change 
i n  l e n g t h  o f  o n ly  X/2 i s  enough t o  move t h e  l a s e r  f r e q u e n c y  by a f r e e  
s p e c t r a l  ran g e  o f  t h e  c a v i t y  which i s  u s u a l l y  o f  t h e  o r d e r  o f  s e v e r a l  
hundred  MHz. The c a v i t y  l e n g t h  must t h e r e f o r e  be  s t a b i l i z e d  to  w i t h i n  a 
v e ry  sm a l l  f r a c t i o n  o f  A i f  t h e  u l t i m a t e  l i n e w i d t h  i s  to  be  a t t a i n e d .
The main f a c t o r  w hich  d e te r m in e s  t h e  l i n e w i d t h  o f  a  CW dye l a s e r  i s  t h e  
f lo w in g  j e t  s t r e a m ,  n o rm a l ly  p r e s e n t  i n  t h e  c a v i t y .  The f r e e - r u n n i n g  
l i n e w i d t h  o f  a  t y p i c a l  j e t  s t r e a m  dye l a s e r  i s  i n  t h e  r e g i o n  o f  10 MHz 
to  20 MHz. T h is  compares w i th  l i n e w i d t h s  o f  l e s s  t h a n  1 MHz f o r  a t y p i c a l  
gas l a s e r .  I n  o r d e r  to  r e d u c e  th e  l i n e w i d t h  o f  a dye  l a s e r  to  t h a t  o f  
a  t y p i c a l  gas l a s e r  a v a r i e t y  o f  l a s e r  s t a b i l i z i n g  sy s tem s  have  b een  
d e v e lo p e d .
The l i n e w i d t h  o f  a t y p i c a l  CW dye l a s e r  w i th  a s i n g l e  tu n in g  e le m en t  
u s u a l l y  l i e s  be tw een  0 .1  nm and 0 .0 1  nm. For a c a v i t y  o f  l e n g t h  50 cm 
t h i s  means t h a t  t h e r e  a r e  n o rm a l ly  somewhere be tw een  30 and 300 modes 
o s c i l l a t i n g  i n  t h e  c a v i t y  s im u l t a n e o u s l y .  The l i n e w i d t h  can  be  g r e a t l y  
■ r e d u c e d  by t h e  i n t r o d u c t i o n  o f  a  low f i n e s s e  é t a l o n  whose f r e e  s p e c t r a l  
r a n g e  i s  g r e a t e r  t h a n  th e  l a s e r  l i n e w i d t h .  Thus an  é t a l o n  o f  be tw een  
0 .1  mm and 1 mm t h i c k n e s s  i s  u s u a l l y  s u f f i c i e n t  to  r e d u c e  th e  o s c i l l a t i o n  
to  l e s s  t h a n  5 m odes, c o r r e s p o n d in g  t o  a l i n e w i d t h  o f  abou t,  3 GHz. I f  
an  é t a l o n  w i t h  a  f r e e  s p e c t r a l  r a n g e  o f  g r e a t e r  t h a n  a b o u t  6 GHz (< 1 .5  cm) 
i s  a l s o  i n c l u d e d ,  t h i s  i s  t h e n  u s u a l l y  s u f f i c i e n t  to  r e d u c e  o s c i l l a t i o n  to  
s i n g l e  mode.
The d r a m a t ic  improvement i p  dye  l a s e r  f re q u e n c y  s t a b i l i t y  when s e rv o  
lo c k in g  t e c h n iq u e s  a r e  u se d  h a s  been  shown by H a r t i g  and W alther^  who 
have lo ck e d  th e  l a s e r  f r e q u e n c y  t o  a Na r e s o n a n c e  l i n e  i n  a f a s t  a tom ic  
beam a p p a r a t u s ,  Wu, Grove and E z e k ie l  who have  lo c k e d  t h e  l a s e r  to  m o le c u la r  I
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3t r a n s i t i o n s  and B a r g e r ,  Sorem and H a l l  who have lo c k e d  th e  l a s e r  to  an  
e x t e r n a l  r e f e r e n c e  c a v i t y .  Of t h e s e  m ethods t h e  most v e r s a t i l e  i s  
t h a t  o f  B a rg e r ,  Sorem and H a l l  s i n c e  t h e  r e f e r e n c e  c a v i t y  can  be  made to  
s c a n  and so tu n e  t h e  l a s e r  f r e q u e n c y .  T h is  i s  o f  c o u r s e  a t  t h e  expense  
o f  lo n g  te rm  f re q u e n c y  s t a b i l i t y  s i n c e  th e rm a l  d r i f t s  i n  t h e  r e f e r e n c e  
c a v i t y  can  t a k e  p l a c e .
A s c h e m a t ic  d iag ra m  o f  a s e rv o  sy s tem  o f  t h e  k in d  u se d  by B a rg e r ,
Sorem and H a l l  i s  shown i n  f i g u r e  1 . P a r t  o f  t h e  l a s e r  beam i s  d i r e c t e d  
i n t o  an  e x t e r n a l  F a b r y - P e r o t  i n t e r f e r o m e t e r  w h i le  t h e  l a s e r  i n t e n s i t y  i s  
m o n i to re d  on a p h o to d io d e .  The i n t e n s i t y  o f  t h e  l i g h t  f a l l i n g  on t h e  
p h o to d io d e  i s  a d j u s t e d  u n t i l  i t  i s  e q u a l  t o  h a l f  o f  t h e  peak  i n t e n s i t y  o f  
t h e  beam t r a n s m i t t e d  by th e  i n t e r f e r o m e t e r .  The d i f f e r e n c e  s i g n a l  be tw een  
th e  r e f e r e n c e  c h a n n e l  and t h e  i n t e n s i t y  t r a n s m i t t e d  by th e  i n t e r f e r o m e t e r  i s  
a m p l i f i e d ,  and i s  t h e n  f e d  th ro u g h  a 3 dB p e r  o c ta v e  f i l t e r ,  i n t e g r a t o r  
and h ig h  v o l t a g e  a m p l i f i e r  t o  a p ie o z o c e ra m ic  w hich  moves one o f  th e  l a s e r  
c a v i t y  m i r r o r s .  The r e s u l t i n g  change i n  c a v i t y  l e n g t h  changes t h e  l a s e r  
f r e q u e n c y  i n  such  a way as  to  r e d u c e  th e  d i f f e r e n c e  be tw een  r e f e r e n c e  and 
i n t e r f e r o m e t e r  c h a n n e l s .  The l a s e r  c an  s t a b i l i z e  on e i t h e r  s i d e  o f  t h e  
i n t e r f e r o m e t e r  f r i n g e  dep en d in g  on  w h e th e r  a  p o s i t i v e  v o l t a g e  a p p l i e d  to  
th e  l a s e r  c a v i t y  p i e z o c e r a m ic  i n c r e a s e s  o r  d e c r e a s e s  t h e  l a s e r  w a v e le n g th .  
The l a s e r  i s  s t a b i l i z e d  h a l f  way up a t r a n s m i s s i o n  f r i n g e  as  t h i s  g iv e s  
t h e  h i g h e s t  f r e q u e n c y  d i s c r i m i n a t i o n .  The i n t e n s i t y  i s  m o n i to re d  so t h a t  
any i n t e n s i t y  f l u c t u a t i o n s  a r e  n o t  i n t e r p r e t e d  a s  f r e q u e n c y  s h i f t s ,  t h u s  
mapping i n t e n s i t y  f l u c t u a t i o n s  i n t o  f r e q u e n c y  f l u c t u a t i o n s .
An i n t e g r a t o r  i s  u sed  i n  th e  s e rv o  sy s tem  so t h a t  when th e  c o r r e c t i o n  
s i g n a l  d r i v e s  t h e  e r r o r  s i g n a l  to  z e r o ,  th e  z e ro  c r o s s i n g  v o l t a g e  w i l l  
be m a in ta in e d  on t h e  o u tp u t  o f  t h e  a m p l i f i e r  th u s  e n s u r in g  a s t a b l e  l o c k .
The 3 dB p e r  o c ta v e  f i l t e r  i s  u se d  t o  p r o v id e  'h ig h  g a in  a t  low f r e q u e n c i e s




w h i le  a t  t h e  same t im e  p r e v e n t in g  u n d u ly  l a r g e  p h a se  s h i f t s  a t  th e  
h ig h  f r e q u e n c i e s .  The o v e r a l l  s e rv o  g a in  o f  t h e  i n t e g r a t o r  and f i l t e r
i s  9 dB p e r  o c ta v e .  I n  more r e f i n e d  sys tem s t h e  c o r r e c t i o n  s i g n a l  i s
d iv id e d  i n t o  h ig h  and low f r e q u e n c y  components by a c r o s s o v e r  n e tw o rk .
The low f re q u e n c y  (< 1 kHz) c o r r e c t i o n s  a r e  a p p l i e d  to  a lo n g  e x c u r s io n  
p i e z o e l e c t r i c  d r i v e r  a t t a c h e d  t o  t h e  o u tp u t  c o u p l in g  m i r r o r  w h i l e  t h e  
h ig h  f r e q u e n c y  ones  a r e  a p p l i e d  t o  a v e ry  f a s t  p i e z o e l e c t r i c a l l y  d r i v e n  |
m i r r o r  e ls e w h e re  i n  t h e  dye l a s e r .
with t h i s  sy s tem  a s h o r t  te rm  (< 20 y s e c )  f re q u e n c y  s t a b i l i t y  o f  
b e t t e r  t h a n  50 kHz can  be o b ta in e d  w hereas  t h e  lo n g  te rm  (> 10 s e c )  
f r e q u e n c y  s t a b i l i t y , r e f e r r e d  to  t h e  s t a b i l i z i n g  c a v i t y , i s  t y p i c a l l y  100 Hz. % 
However t h e  a b s o l u t e  long  te rm  f r e q u e n c y  s t a b i l i t y  i s  l i m i t e d  to  a b o u t  *
1 .5  MHz min~l due to  th e rm a l  d r i f t  o f  t h e  r e f e r e n c e  c a v i t y .
The lo n g  te rm  f r e q u e n c y  d r i f t  o f  t h e  dye l a s e r  can  be e l i m i n a t e d
by lo c k in g  t h e  e x t e r n a l  r e f e r e n c e  c a v i t y  t o  a He-Ne l a s e r  s t a b i l i z e d  on 
e i t h e r  i o d in e  (633 nm) o r  m ethane  (3 .3 6  pm). The lo n g  te rm  f re q u e n c y  
s t a b i l i t y  o f  an  i o d i n e  s t a b i l i z e d  He-Ne l a s e r  i s  b e t t e r  t h a n  1 p a r t  i n  10^^^ , 
w h i l e  f o r  t h e  m ethane s t a b i l i z e d  He-Ne l a s e r  i t  i s  1 p a r t  i n  10^^^ .
The dye l a s e r  s h o u ld  t h e r e f o r e  u l t i m a t e l y  be c a p a b le  o f  s t a b i l i t y  o f  t h i s  
o r d e r .  The t u n a b i l i t y  o f  t h e  dye l a s e r  can  be  m a in ta in e d  by u s e  o f  th e
f r e q u e n c y  o f f - s e t  lo c k in g  t e c h n iq u e  d e s c r i b e d  by B a rg e r  and H a l l ^ .  A i4
s c h e m a t ic  d iag ra m  o f  a  sy s te m  u s in g  t h e  f r e q u e n c y  o f f - s e t  lo c k in g  
t e c h n iq u e  i s  shown i n  f i g u r e  3 ,  T h is  t e c h n iq u e  r e q u i r e d  two s i m i l a r  #
r e f e r e n c e  l a s e r s ;  one  whose f r e q u e n c y  i s  lo ck e d  t o  a f i x e d  r e f e r e n c e  4
f r e q u e n c y  such  as  t h e  c e n t r e  o f  th e  s a t u r a t e d  a b s o r p t i o n  r e s o n a n c e  o f  a 
m o le c u le ,  and a seco n d  l a s e r  whose f r e q u e n c y  can  be o f f - s e t  o v e r  a 
l i m i t e d  ra n g e  a b o u t  t h i s  f i x e d  f r e q u e n c y ,  t h e  o f f - s e t  b e in g  m o n i to re d  
by a h e te r o d y n e  m ethod . The seco n d  l a s e r  i s  t h e n  u se d  a s  t h e  l o c a l
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o s c i l l a t o r  to  w h ich  t h e  r e f e r e n c e  c a v i t y  can  be  l o c k e d .  I n  t h i s  
method t h e  f r e q u e n c y  s t a b i l i t y  o f  th e  f i x e d  f r e q u e n c y  l a s e r  i s  
t r a n s f e r r e d  t o  t h e  l o c a l  o s c i l l a t o r  which i n  t u r n  t r a n s f e r s  i t s  
s t a b i l i t y  t o  t h e  r e f e r e n c e  c a v i t y  w h i le  a t  t h e  same t im e  a l lo w in g  th e  
c a v i t y  l e n g t h  t o  be  changed  i n  a c o n t r o l l e d  m anner.
A dye l a s e r  w hich  u s e s  t h i s  f r e q u e n c y  o f f - s e t  l o c k in g  t e c h n iq u e  
and i n c o r p o r a t e s  o t h e r  im provem ents  h a s  been  d e s c r i b e d  by B a r g e r ,  West 
and E n g l i s h ^ .  The im provem ents t h a t  th e y  have  e f f e c t e d  have  b een  to  
i n c l u d e  an e l e c t r o - o p t i c  m o d u la to r  i n  t h e  c a v i t y  f o r  v e r y  f a s t  f r e q u e n c y  
s t a b i l i z a t i o n ,  t o  u s e  t h e  f r e q u e n c y  o f f - s e t  l o c k in g  t e c h n iq u e  f o r  lo n g  
te rm  s t a b i l i t y  and to  i n t e n s i t y  s t a b i l i z e  t h e  dye l a s e r  o u t p u t  u s in g  
a second  e x t e r n a l  e l e c t r o - o p t i c  m o d u la to r .
I n  t h i s  dye  l a s e r  t h e  s low  s e rv o  c o n t r o l  o f  t h e  c a v i t y  l e n g t h  was 
m a in ta in e d  by a l a r g e  e x t e n s i o n  p i e z o  e l e c t r i c  d r i v e r  and f a s t  (> 1 kHz) 
c o n t r o l  was a c c o m p lish e d  w i t h  an  i n t r a c a v i t y  d e u t e r a t e d  KDP c r y s t a l .
The s e rv o  e l e c t r o n i c s  had a u n i t y  g a in  p o i n t  o f  500 kHz w i th  a 9 dB p e r  
o c ta v e  r o l l - o f f  from  d . c ,  to  50 kHz and 6 dB p e r  o c ta v e  from  50 kHz to  
500 kHz. The e r r o r  s i g n a l  was p r o c e s s e d  by a f a s t  a m p l i f i e r  w hich  s p l i t  
t h e  s i g n a l  i n t o  low , i n t e r m e d i a t e  and h ig h  f r e q u e n c y  components w i th  
c r o s s - o v e r s  a t  1 kHz and 150 kHz. The low component i s  a m p l i f i e d  and f e d  
t o  t h e  p ie z o c e ra m ic  on t h e  l a s e r ’s o u tp u t  c o u p l e r .  The i n t e r m e d i a t e  
components were a m p l i f i e d  w i th  a _+ 150 V o p e r a t i o n a l  a m p l i f i e r  and t h e  1
h ig h  f re q u e n c y  component w i t h  a  h ig h  speed  ^  15 V o p e r a t i o n a l  a m p l i f i e r .  j
A -1The f a s t e r  components w ere  a p p l i e d  to  o p p o s i t e  e l e c t r o d e s  o f  t h e  KDP c r y s t a l . ,
The l a s e r  i n t e n s i t y  was s t a b i l i z e d  by r e f e r r i n g  t h e  o u tp u t  from  a 
p h o to d io d e ,  w hich  m easu red  t h e  l a s e r  i n t e n s i t y ,  to  a s t a b i l i z e d  d . c ,  
c u r r e n t  s o u r c e .  A f t e r  b e in g  a m p l i f i e d  by a f a s t  s e rv o  sy s tem  th e  e r r o r  
v o l t a g e  was a p p l i e d  to  a  low v o l t a g e  ( h a l f  wave v o l t a g e  « 250 V) ADP
:^i
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7G e rh a rd t  and Tiramermann have  e x ten d ed  t h e  f r e q u e n c y  o f f - s e t
I
m o d u la to r  p la c e d  a t  t h e  dye l a s e r  o u t p u t .  The i n t e n s i t y  s t a b i l i t y  -j
was a b o u t  1 p a r t  i n  10^ f o r  t im e s  be tw een  10  ^ sec  and 10 s e c .
J
A m ethane  s t a b i l i z e d  He-Ne l a s e r  o p e r a t i n g  a t  3 ,39  pm was used  
as  t h e  f r e q u e n c y  r e f e r e n c e .T h e  f re q u e n c y  o f  t h e  l o c a l  o s c i l l a t o r  c o u ld  #
be  tu n e d  o v e r  + 220 MHz w hich  c o r r e s p o n d s  t o  a t u n in g  r a n g e  o f  a b o u t
2 .5  GHz f o r  t h e  v i s i b l e  dye  l a s e r .  The s h o r t  te rm  f r e q u e n c y  s t a b i l i t y  
o f  t h e  dye l a s e r  was found  to  be 1 kHz, t h i s  i n c r e a s e d  to  a b o u t  3 kHz 
f o r  t im e s  o f  t h e  o r d e r  o f  1 s e c  b u t  f e l l  to  a b o u t  300 Hz o v e r  t h e  lo n g  
te rm  (300 s e c ) . The f r e q u e n c y  s t a b i l i t y  sh o u ld  c o n t in u e  to  improve 
o v e r  lo n g  t im e  s c a l e s  u n t i l  t h e  u l t i m a t e  s t a b i l i t y  o f  th e  m ethane 
s t a b i l i s e d  l a s e r ,  a b o u t  1 p a r t  i n  10^^ , i s  r e a c h e d .  The d ro p  i n  
s t a b i l i t y  f o r  i n t e g r a t i o n  t im es  a ro u n d  1 se c  was due t o  n o i s e  i n  t h e  
e l e c t r o n i c s .
l o c k in g  t e c h n iq u e  o f  s t a b i l i z i n g  a dye  l a s e r  t o  t h e  u s e  o f  a  lamb d ip  
s t a b i l i z e d  He-Ne l a s e r  o p e r a t i n g  a t  633 nm a s  th e  f i x e d  f re q u e n c y  l a s e r .
I t  i s  d e s i r a b l e  to  o p e r a t e  t h e  r e f e r e n c e  l a s e r  i n  t h e  v i s i b l e  s i n c e  t h e  
r e f e r e n c e  c a v i t y  o n ly  h a s  t o  have  a h ig h  f i n e s s e  a t  one w a v e le n g th  i n s t e a d  1 
o f  two a s  i n  t h e  c a s e  o f  s t a b i l i z i n g  a v i s i b l e  l a s e r  by lo c k in g  t o  a 
c a v i t y  locked  to  an i n f r a r e d  m ethane  s t a b i l i z e d  l a s e r .  However th e  i
r e q u i r e d  f re q u e n c y  s h i f t  be tw een  t h e  r e f e r e n c e  l a s e r  and th e  l o c a l  
o s c i l l a t o r  i s  a lm o s t  t h e  same a s  t h e  t u n in g  r a n g e  o f  t h e  dye l a s e r  when 
b o th  l a s e r s  o p e r a t e  i n  t h e  v i s i b l e .  I n  t h e  sy s te m  o f  G e rh a rd t  and 
Timmerraann^ a b e a t  f r e q u e n c y  o f  up to  1 GHz c o u ld  be  d e t e c t e d .  F o r  ,,
f r e q u e n c y  tu n in g  r a n g e s  l a r g e r  th a n  t h i s  i t  i s  n e c e s s a r y  to  coun t  ^
d i f f e r e n t  modes o f  t h e  r e f e r e n c e  c a v i t y .  Thus a s c a n  o f  g r e a t e r  th a n  
1 GHz would be  a c co m p lish e d  b y  sc a n n in g  t h e  l o c a l  o s c i l l a t o r  to  th e  
maximum b e a t  f r e q u e n c y  w h i l e  t h e  r e f e r e n c e  c a v i t y  i s  lo c k e d  to  i t .  The
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r e f e r e n c e  c a v i t y  l e n g t h  i s  th e n  f i x e d  w h i le  t h e  l o c a l  o s c i l l a t o r  
f r e q u e n c y  i s  moved b ack  th ro u g h  a f r e e  s p e c t r a l  r a n g e  o f  th e  r e f e r e n c e  
c a v i t y .  T h is  w i l l  o n ly  work i f  t h e  f r e e  s p e c t r a l  r a n g e  i s  l e s s  th a n  
th e  c o n t in u o u s  sc an  r a n g e .  The lo c k  i s  th e n  r e - e s t a b l i s h e d  and  th e  
s c a n  c o n t in u e d .  U sing t h i s  t e c h n iq u e  G e rh a rd t  and Timmermann have 
scanned  a rhodam ine 6G dye l a s e r  th ro u g h  a b o u t  3 GHz w i th  a r e s o l u t i o n  
o f  a p p ro x im a te ly  100 kHz.
In  c o n c lu s i o n ,  a dye l a s e r  c an  be  s t a b i l i z e d  to  a s t a b i l i t y  
a p p ro a c h in g  t h a t  o f  gas  l a s e r s  p ro v id e d  c e r t a i n  p r e c a u t i o n s  a r e  t a k e n .
These  i n c l u d e  a v e r y  f a s t  s e rv o  sy s tem  to  r e d u c e  th e  n o i s e  i n t r o d u c e d  
by a f lo w in g  dye  j e t  and f a s t  i n t e n s i t y  s t a b i l i z a t i o n  to  e n s u re  t h e  
r e s i d u a l  i n t e n s i t y  f l u c t u a t i o n s  a r e  n o t  mapped i n t o  f r e q u e n c y  s h i f t s .
Some r u l e s  o f  thumb i n  u s in g  s t a b i l i z e d  dye l a s e r s  have  been  summarized 
by H a l l  and L ee^ . F a s t  e l e c t r o n i c  s e rv o  c i r c u i t s  o f  t h e  k in d  u se d  by 
H a l l  and h i s  c o l l e a g u e s  a t  t h e  N a t io n a l  Bureau o f  S ta n d a rd s  a r e  
d e s c r i b e d  i n  an  a p p e n d ix .
V I I >2.2 Tuning a S in g le  F requency  Dye L a s e r
Most s i n g l e  f r e q u e n c y  dye  l a s e r s  a r e  f r e q u e n c y  narrow ed  by a b r o a d ­
band tu n in g  e le m en t  r e d u c in g  t h e  l a s e r  l i n e w i d t h  t o  l e s s  t h a n  1 nm 
fo l lo w e d  by two low f i n e s s e  é t a l o n s  o f  f r e e  s p e c t r a l  r a n g e  i n  t h e  r e g i o n  
o f  300 GHz and 10 GHz. The c a v i t y  l o n g i t u d i n a l  mode s p a c in g  i s  u s u a l l y  
a b o u t  100-300 MHz. I f  t h e  l a s e r  f r e q u e n c y  i s  changed  by a p i e z o c e r a m i c a l l y  
mounted o u tp u t  c o u p le r  a p p ro x im a te ly  50 V i s  r e q u i r e d  to  s c an  one c a v i t y  
mode f o r  a 1" d ia m e te r  0 . 1 "  t h i c k n e s s  PZT c e ra m ic .  Thus a s c a n  o f  a b o u t  
3 GHz can  be e x p e c te d  f o r  an a p p l i e d  v o l t a g e  o f  1 kV i f  t h e  mode s p a c in g  
i s  150 MHz. In  o r d e r  t h a t  t h i s  s c a n  can  be r e a l i z e d  th e  t h i c k  é t a l o n  
t r a n s m i s s i o n  f r e q u e n c y  m ust be changed  so t h a t  t h e  l a s e r  f r e q u e n c y  does 
n o t  hop . The peak  t r a n s m i s s i o n  o f  an  é t a l o n  i s  changed  by ch a n g in g  t h e
I
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s e p a r a t i o n  be tw een  th e  two r e f l e c t i n g  s u r f a c e s , T h is  can  be  done 
e i t h e r  by u s in g  a p ie z o c e ra m ic  s p a c e r  o r  by t i l t i n g  t h e  é t a l o n .  The 
a c c u ra c y  to  w hich  t h e  é t a l o n  p l a t e  s e p a r a t i o n  m ust be s e t  i s  d e te rm in e d  
by t h e  . f r e e  s p e c t r a l  r a n g e  o f  t h e  é t a l o n  and th e  mode s p a c in g  o f  th e  
c a v i t y .  The peak  o f  t h e  é t a l o n  t r a n s m i s s i o n  must be  l o c a t e d  to  b e t t e r  
t h a n  p lu s  o r  minus h a l f  o f  t h e  mode s p a c in g .  For an  é t a l o n  o f  s e p a r a t i o n  
& i n  a  c a v i t y  o f  l e n g t h  L o s c i l l a t i n g  a t  a f re q u e n c y  t h e  r e q u i r e d
1
l e n g t h  s t a b i l i t y  i s  ^
I
0 £ < + c £ / 4 v L  (1)
—  0
I f  t h e  é t a l o n s  i s  o f  1 cm t h i c k n e s s  and th e  c a v i t y  i s  1 m i n  l e n g t h  
th e  l e n g t h  s t a b i l i t y  o f  t h e  é t a l o n s  m ust be  b e t t e r  t h a n  ^  nm. A 
t y p i c a l  PZT c e ra m ic  i s  e x te n d e d  by a b o u t  0 .6  nm V~^ when th e  e l e c t r i c  
f i e l d  i s  a p p l i e d  a lo n g  t h e  same d i r e c t i o n  as t h e  e x t e n s i o n .  Thus th e  
v o l t a g e  m ust be  s t a b l e  to  a t  l e a s t  2.5V o v e r  t h e  u s e f u l  tu n in g  r a n g e  o f  
th e  t h i c k  é t a l o n .  S in ce  t h e  f r e e  s p e c t r a l  r a n g e  o f  t h e  é t a l o n  i s  
15 GHz i t  o n ly  h as  t o  be expanded th ro u g h  a b o u t  one f i f t h  o f  a f r e e  
s p e c t r a l  r a n g e  f o r  a  f r e q u e n c y  e x c u r s io n  o f  3 GHz. T h is  r e q u i r e s  o n ly  
100 V and  a s o u rc e  s t a b l e  to  w i t h i n  2 .5V  o v e r  a r a n g e  o f  100 V i s  e a sy  
to  o b t a i n .
The p i e z o e l e c t r i c  e x p a n s io n  o f  an  é t a l o n  would t h e r e f o r e  a p p e a r  
to  be an  a t t r a c t i v e  method o f  s c a n n in g  t h e  l a s e r  f r e q u e n c y .  The 
d i s a d v a n ta g e  o f  a  p i e z o e l e c t r i c a l l y  scanned  é t a l o n  i s  t h a t  t h e  two 
p l a t e s  m ust be  s e t  p a r a l l e l  to  b e t t e r  th a n  X/10 o v e r  t h e  w hole a r e a  
o f  t h e  p l a t e s  and t h i s  c an  be  d i f f i c u l t  when a p ie z o c e ra m ic  i s  u sed  as  
th e  s p a c e r .  A lso  t h e  r e a r  s u r f a c e  o f  each  p l a t e  must be wedged 
and a n t i r e f l e c t i o n  c o a te d  so t h e  l a s e r  c a v i t y  l o s s e s  a r e  low and to  
e n s u re  t h a t  t h e  back  s u r f a c e s  do n o t  i n t e r f e r e  w i t h  t h e  é t a l o n  e f f e c t .  
These  a d v a n ta g e s  a r e  overcome by  u s in g  a s o l i d  é t a l o n  and t i l t i n g  i t
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Av = V 6 ^ /2  (2)0
w i t h i n  tire  c a y i t y .  A s o l i d  é t a l o n  can be p o l i s h e d  to  X/20 o r  b e t t e r  
and w i l l  m a i n t a i n  t h i s  f i n e s s e  f o r  a lo n g  p e r i o d  o f  t im e .  T h i s ,  g
combined w i th  t h e  f a c t  t h a t  t h e r e  a r e  o n ly  two s u r f a c e s , means t h a t  th e  
l i n e a r  l o s s e s  o f  t h e  c a v i t y  w i l l  be  s m a l l e r .
aThe s h i f t  i n  o s c i l l a t i o n  f re q u e n c y  i n  t i l t i n g  an  é t a l o n  from  on ÿ
a x i s  to  an a n g le  6 i s  g iv e n  by ( see  C h a p te r  V) ' %
I
Any sm a l l  change i n  6 o f  s i z e  66 w i l l  g iv e  r i s e  t o  a change i n  o s c i l l a t i o n  
f r e q u e n c y  6 (Av) g iv e n  by
6(Av)  = (3)  ^
I
Now th e  s t a b i l i t y  and l i n e a r i t y  o f  a n o n -se rv o  c o n t r o l l e d  to rq u e  g a lv a n -  I
1
om eter  i s  t y p i c a l l y  1%. Hence t h e  é t a l o n  can  be  l o c a t e d  t o  a  f r e q u e n c y  •
f
a c c u r a c y  o f  a b o u t  ji
6(Av) = X 10~2 (4)
The t o t a l  s c a n  r a n g e  f o r  a g iv e n  f r e q u e n c y  s t a b i l i t y  6 (Av) i s  t h e r e f o r e  
Av = 50 X 6(Av) (5)
on s u b s t i t u t i n g  f o r  0 i n  e q u a t i o n  (2)* The in te rm o d e  s p a c in g  o f  a  1 m 
l a s e r  c a v i t y  i s  150 MHz and t h e  é t a l o n  m ust t h e n  be scanned  w i th  an  
a c c u ra c y  o f  b e t t e r  t h a n  75 MHz, Thus f o r  t h i s  c a v i t y  e q u a t io n  (5) 
p r e d i c t s  t h a t  a t o t a l  s c a n  ra n g e  o f  up to  a b o u t  3 .8  GHz can  be e x p e c te d  
w i th  s t a n d a r d  sc a n n in g  g a lv a n o m e te rs  assum ing a l i n e a r i t y  o f  b e t t e r  th a n  
1%. T h is  e s t i m a t e  assum es t h a t  t h e  d r i v e  e l e c t r o n i c s  a r e  p e r f e c t l y  
l i n e a r  and t h a t  t h e .  . é t a l o n  h as  been  a c c u r a t e l y  c e n t r e d  on z e r o .
I f  t h e r e  i s  a sm a l l  z e ro  e r r o r  i n  t h e  a l ig n m e n t  o f  t h e  é t a l o n ,  s ,
;}l
I
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t h e  f r e q u e n c y  s h i f t  becomes
Av = v^ (0 + s )^J2  (6)
The change i n  f r e q u e n c y  s h i f t  f o r  a  sm a l l  change i n  s i s  g iv e n  by
6 (Av) = v^(0  + s ) 6 s  (7)
Assuming t h a t  6 »  s and t h a t  t h e  u n c e r t a i n t y  i n  s i s  a p p ro x im a te ly  e q u a l  
to  8 t h i s  becomes
6 (Av) = v^0s (b)
S u b s t i t u t i n g  f o r  0 f rom  e q u a t i o n  (2) t h e  a c c u r a c y  o f  z e r o in g  t h e  é t a l o n  i s  
g iv e n  by
s < ' ' (9)
(2Av Vg)2
Assuming t h a t  t h e  r e q u i r e d  a c c u r a c y  o f  l o c a t i n g  th e  é t a l o n  c o r r e s p o n d s  ^
to  6(Av) = 75 MHz and t h a t  a s c a n  o f  3 .8  GHz i s  r e q u i r e d  th e  z e r o in g
a c c u ra c y  o f  t h e  é t a l o n  m ust be  b e t t e r  th a n  40 p r a d , T h is  k in d  o f  z e r o  
s e t t i n g  a c c u r a c y  s h o u ld  be p o s s i b l e  u s in g  sc a n n in g  g a lv a n o m e te r s .
I t  would t h e r e f o r e  a p p e a r  on th e  b a s i s  o f  t h e s e  c a l c u l a t i o n s  t h a t ■'I
t h e  s c a n n in g  o f  a s i n g l e  f r e q u e n c y  dye l a s e r  can  be  acco m p lish e d  e i t h e r  
by p i e z o e l e c t r i c a l l y  s c a n n in g  t h e  i n t r a c a v i t y  é t a l o n s  o r  by t i l t i n g  t h e  
é t a l o n s .  A lth o u g h  m ost o f  t h e  s i n g l e  f r e q u e n c y  dye l a s e r s  r e p o r t e d  
i n  t h e  l i t e r a t u r e  a r e  tu n e d  by  p i e z o e l e c t r i c a l l y  scanned  é t a l o n s ,  some 
w o rk e rs  a r e  now u s in g  t i l t i n g  é t a l o n  sc a n n in g  s y s te m s .  H a l l  and Lee^ 
have r e p o r t e d  t h e  s c a n n in g  o f  a s i n g l e  f r e q u e n c y  dye l a s e r  o v e r  t h e  %
r a n g e  1 .5  -  2 ,5  GHz u s in g  a p a i r  o f  t i l t i n g  é t a l o n s .
One n o t a b l e  dye l a s e r  w hich u s e s  b o th  t i l t i n g  é t a l o n s  and 
p i e z o e l e c t r i c a l l y  scanned  é t a l o n s  i s  a  com m ercial sy s tem  p roduced  by
. J
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C o h eren t  R a d i a t i o n .  In  t h e i r  599 dye l a s e r  t h e  c a v i t y  l e n g t h  i s  v a r i e d  
by t i l t i n g  an  i n t r a c a v i t y  p l a t e  s e t  a t  B r e w s t e r ’s a n g le .  The c a v i t y  
o s c i l l a t i o n  f re q u e n c y  i s  d e te rm in e d  by a t h r e e  p l a t e  b i r é f r i n g e n t  
f i l t e r ,  a t h i n ,  low f i n e s s e  é t a l o n  which i s  g a lv o - d r i v e n  and a p ie z o  
d r i v e n  t h i c k  é t a l o n .  The l a s e r  f r e q u e n c y  i s  s t a b i l i z e d  by u s in g  an  
e x t e r n a l  r e f e r e n c e  c a v i t y  s i m i l a r  t o  t h a t  u sed  by B a rg e r ,  Sorem and H a l i l  
The r e f e r e n c e  c a v i t y  l e n g t h  i s  changed  by t i l t i n g  a B re w s te r  a n g le d  p l a t e  
i n s i d e  t h e  c a v i t y .  The l a s e r  f r e q u e n c y  i s  lo ck e d  to  th e  r e f e r e n c e  c a v i t y  
l e n g t h  by f e e d i n g  a f a s t  e r r o r  s i g n a l  to  a sm a l l  m i r r o r  mounted on a 
p ie z o c e ra m ic  and a s low  e r r o r  s i g n a l  to  t h e  B rew s te r  a n g le d  p l a t e  i n  
t h e  l a s e r  c a v i t y .  The t h i c k  é t a l o n  i s  m o d u la ted  and lo ck e d  t o  m axim ise  
th e  l a s e r  o u tp u t  i n t e n s i t y ,  e n s u r in g  t h a t  i t  i s  a lw ays  c e n t r e d  on th e  
maximum o f  a t r a n s m i s s i o n  f r i n g e .  When tu n in g  i s  r e q u i r e d  th e  B re w s te r  
p l a t e  i n  t h e  r e f e r e n c e  c a v i t y  i s  t i l t e d  and th e  t h i n  é t a l o n ,  t h i c k  
é t a l o n  and th e  B re w s te r  p l a t e  i n  t h e  l a s e r  c a v i t y  a r e  a l l  ganged. 
S im u l ta n e o u s ly ,  t h e  c a v i t y  l e n g t h  i s  s t a b i l i z e d  on t h e  r e f e r e n c e  c a v i t y .  
U sing  t h i s  sy s tem  a sc an  o f  30 GHz can  be o b t a i n e d .
V I I . 3 A S in g le  F requency  Second Harmonic Dye L a s e r
A s c h e m a t ic  d ia g ra m  o f  a  p r o t o t y p e  second  ha rm on ic  s i n g l e  f re q u e n c y  
dye l a s e r  i s  shown i n  f i g u r e  3 .  The b a s i c  dye l a s e r  c a v i t y  was s i m i l a r  
to  t h e  im proved c a v i t y  d e s ig n  d e s c r i b e d  i n  C h a p te r  V. Two é t a l o n s  
were i n c lu d e d  i n  t h e  c a v i t y  to  r e d u c e  t h e  o s c i l l a t i o n  to  a s i n g l e  mode.
The t h i n  é t a l o n  was a  0 .5  mm s o l i d  f u s e d  s i l i c a  p l a t e  p o l i s h e d  
f l a t  and p a r a l l e l  to  X/20 o v e r  i t s  25 mm d ia m e te r  and c o a te d  to  30% 
r e f l e c t i v i t y  a t  590 nm. T h is  é t a l o n  was mounted on a t o r s i o n  g a lv a n o m e te r  
(G enera l  S cann ing  I n c ) .
The second  t h i c k  é t a l o n  was a i r  spaced  and p i e z o e l e c t r i c a l l y
4:
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p i e z o c e ra m ic  was PZT-5H s u p p l i e d  by V e r n i t r o n  L t d .  A 25 mm lo n g  and 
25 mm d ia m e te r  c y l i n d r i c a l  c e ra m ic  was c u t  back t o  10 mm i n  l e n g t h .  y
iThe to p  and b o t to m  s u r f a c e s  were m achined  f l a t  to  norm al w orkshop t o l e r a n c e s  
and th e n  f i l e d  a t  t h r e e  p o i n t s  a ro u n d  each  r im  to  p r o v id e  t h r e e  l o c a t i o n  4
p o i n t s .  The l o c a t i o n  p o i n t s  w ere  t h e n  p o l i s h e d  by hand u n t i l  l e s s  th a n  
a f r i n g e  a p p e a re d  a c r o s s  t e s t  p l a t e s  h e ld  a g a i n s t  t h e  s u r f a c e s . When J
th e  é t a l o n  was a sse m b le d  w i th  i t s  own p l a t e s  t h e  f i n e s s e  co u ld  be 
a d j u s t e d  by t h r e e  sc rew s  s e t  above each  o f  t h e  p r e s s u r e  p o i n t s .  The 
é t a l o n  p l a t e s  were c o a te d  to  30% r e f l e c t i v i t y  a t  590 nm on  one s i d e  and 
a n t i - r e f l e c t i o n  c o a te d  on t h e  o t h e r .  When th e  é t a l o n  was a ssem b led  th e
e s t im a te d  f l a t n e s s  was a b o u t  A/4 o v e r  t h e  a r e a  o f  t h e  p l a t e s .  A v o l t a g e  4
o f  800 V was r e q u i r e d  t o  s c a n  a f r e e  s p e c t r a l  r a n g e .
The o u tp u t  c o u p le r  was f i t t e d  t o  a  25 ram d i a m e te r ,  25 mm lo n g  
p i e z o c e r a m ic .  A p p ro x im a te ly  50 V was r e q u i r e d  to  s c a n  t h i s  m i r r o r  
th ro u g h  a c a v i t y  mode s e p a r a t i o n .
The l a s e r  modes w ere  a n a ly s e d  u s in g  a d e g e n e r a te  i n t e r f e r o m e t e r .
The i n t e r f e r o m e t e r  m i r r o r s  w ere  o f  10 cm r a d i u s  o f  c u r v a t u r e  and 
s e p a r a t e d  by 5 cm g iv in g  a f r e e  s p e c t r a l  r a n g e  o f  1 GHz and a f i n e s s e  
o f  b e t t e r  th a n  150. The i n t e r f e r o m e t e r  ban d p ass  was t h e r e f o r e  i n  
th e  r e g i o n  o f  7 .5  MHz. The c o n s t r u c t i o n  and o p e r a t i o n  o f  d e g e n e r a te  
i n t e r f e r o m e t e r s  f o r  l a s e r  mode a n a l y s i s  i s  d e s c r i b e d ; i n .  more d e t a i l  i n  
a p p e n d ix  C.
I n  o r d e r  t o  r e d u c e  p r e s s u r e  f l u c t u a t i o n s  i n  t h e  dye f lo w  sy s te m , 
a  low p a s s  a c o u s t i c  f i l t e r  was in c lu d e d  i n  t h e  f lo w  l i n e .  T h is  c o n s i s t e d  
o f  a l a r g e  volume v e s s e l  (8 l i t r e s )  w hich c o u ld  be p r e s s u r i s e d  w i th  a 
pump. As t h e  dye f lo w s  i n t o  th e  v e s s e l  a volume o f  a i r  i s  t r a p p e d .  The 
v e s s e l  w i l l  f i l l  up u n t i l  t h e  a i r  p r e s s u r e  e q u a ls  t h a t  o f  t h e  dye f lo w ,' ■ I       _ ■
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Dye p r e s s u r e s  a r e  t y p i c a l l y  40-45  p s i  and so th e  f lo w  w i l l  r e a c h  e q u i l i b r i u m  
when t h e  v e s s e l  i s  a b o u t  2 /3  f u l l .  S ince  t h e  a t t e n u a t i o n  o f  p r e s s u r e  
f l u c t u a t i o n s  depends  on th e  t r a p p e d  volume o f  a i r  th e  f i l t e r  w i l l  be  more 
e f f i c i e n t  i f  t h i s  volume can  be i n c r e a s e d .  The volume o f  a i r  can  be  
i n c r e a s e d  i f  t h e  v e s s e l  i s  p r e s s u r i s e d  w h i le  t h e  dye  i s  b e in g  pumped.
In  t h i s  sy s tem  th e  a i r  volume was i n c r e a s e d  by a s im p le  s t i r r u p - t y p e  
pump. The r a t i o  o f  dye t o  a i r  volume c o u ld  be r e d u c e d . t o  b e t t e r  th a n  
1:10  and g r o s s  p r e s s u r e  f l u c t u a t i o n  i n  t h e  dye  f lo w  w ere  v i r t u a l l y  
e l i m i n a t e d .
The l a s e r  was pumped by an a rg o n  l a s e r  o p e r a t i n g  on 514 .5  nm i n  t h e  
TEMgg mode ( S p e c t r a  P h y s ic s  1 7 1 ) .  The t h r e s h o l d  pump power was a b o u t  IW 
and s i n g l e  mode o p e r a t i o n  c o u ld  be m a in ta in e d  up t o  a pumping power o f  
a b o u t  3W. The UV o u tp u t  power was t h e n  a b o u t  0 .1  mW. The dye l a s e r  
l i n e w i d t h  a t  v i s i b l e  w a v e le n g th s  was b e t t e r  th a n  10 MHz f o r  t im es  o f  t h e  
o r d e r  o f  a few s e c o n d s .  F o r  l o n g e r  t im e s  t h e  dye l a s e r  mode te n d e d  to  
d r i f t  and e v e n t u a l l y  hop . The dye  l a s e r  mode would v e r y  o f t e n  hop t o  th e  
n e x t  c a v i t y  mode f o r  s h o r t  t im es  (< 1 msec) and t h e n  hop back  t o  t h e  
o r i g i n a l  c a v i t y  mode. T h is  h o p p in g  was u s u a l l y  accom panied  by m in i ­
b u b b le s  c r o s s i n g  t h e  j e t .  The b u b b le s  were th e  m ain  o b s t a c l e  t o  
r e l i a b l e  s i n g l e  f r e q u e n c y  o p e r a t i o n  i n  t h e  f r e e - r u n n i n g  dye l a s e r  and w ere  
v e ry  d i f f i c u l t  to  e l i m i n a t e .  Some r e d u c t i o n  i n  t h e  amount o f  b u b b le s  i n  th e  
dye f lo w  was o b ta in e d  by im m ersing  t h e  dye p r e s s u r e  v e s s e l  i n  an  i c e  b a t h  
b e c a u s e  o f  t h e  i n c r e a s e d  v i s c o s i t y  o f  t h e  e th y l e n e  g l y c o l  s o l u t i o n  a t  
low t e m p e r a t u r e .  T h is  d i d  n o t  e l i m i n a t e  them c o m p le te ly ,  b u t  f u r t h e r  
r e d u c t i o n  may be  p o s s i b l e  u s in g  u l t r a s o n i c  t e c h n i q u e s ^ .
The g e n e r a te d  UV power was much l e s s  t h a n  had b een  e x p e c te d  on th e  
b a s i s  o f  t h e  i n t r a c a v i t y  power o f  t h e  dye l a s e r  e x p e c te d  from  r e p o r t s  o f  
s i n g l e  f r e q u e n c y  dye  l a s e r s  w ork ing  o n ly  i n  t h e  v i s i b l e .  The maximum
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d e g e n e r a te  i n t e r f e r o m e t e r  i n  a m anner s i m i l a r  t o  t h a t  used  by B a rg e r ,  
Sorem and H a l l  a s  d e s c r i b e d  e a r l i e r  ( V I I . 2 . 1 ) .  The s i g n a l s  from  t h e
a m p l i f i e r .  The r e s u l t i n g  e r r o r  s i g n a l  was f e d  i n t o  a 3 dB p e r  o c ta v e  
f i l t e r  and  i n t e g r a t o r  fo l lo w e d  by a h ig h  v o l t a g e  a m p l i f i e r  and o n to  a 
p i e z o e l e c t r i c  c e ra m ic  on t h e  l a s e r  o u tp u t  m i r r o r .  The e l e c t r o n i c s  were 
d e s ig n e d  a t  t h e  N a t io n a l  P h y s i c a l  L a b o r a to ry  and a r e  d e s c r i b e d  i n  d e t a i l  
i n  th e  r e p o r t  Qu 28. The c i r c u i t  d iag ram s  and d e s c r i p t i o n  a r e  summ arised 
i n  a p p e n d ix  A.
s i n g l e  mode power was in d e p e n d e n t  o f  w hich t h i c k  é t a l o n  was u sed  and 
a p p eared  to  b e  t h e  same when th e  t h i n  é t a l o n  was changed  from  0 .5  nm 
t o  1 mm. I t  i s  t h e r e f o r e  u n l i k e l y  t h a t  th e  é t a l o n s  w ere  c a u s in g  th e  
l a s e r  to  o p e r a t e  m ultim ode  a t  r e l a t i v e l y  low pow ers .  Even when t h e  *
l a s e r  was o p e r a t e d  as  a fu n d am e n ta l  dye l a s e r  w i th o u t  t h e  second  ha rm on ic  
c r y s t a l  t h e  maximum s i n g l e  mode o u tp u t  power i n  t h e  v i s i b l e  was l e s s  
t h a n  10 mW. A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  poo r  s i n g l e  mode power i s
poor o p t i c a l  q u a l i t y  o f  t h e  dye  j e t .  On o b s e rv in g  t h e  s p o t s  r e f l e c t e d
from  th e  j e t  s u r f a c e  th e y  a p p e a re d  t o  be somewhat d i s t o r t e d .  The dye 
l a s e r  s p o t s  from  th e  f r o n t  and back  s u r f a c e s  o f  t h e  j e t  w ere  d i s p l a c e d  
by a b o u t  10 cm a t  a d i s t a n c e  o f  3 m. T h is  j e t  wedge o f  a b o u t  30 mrad 
and poor s u r f a c e  q u a l i t y  i s  p r o b a b ly  s u f f i c i e n t  t o  d e s t r o y  th e  s i n g l e  
mode e f f i c i e n c y  and so l i m i t  t h e  maximum s i n g l e  f r e q u e n c y  power.
V I I . 4 S in g le  F requency  S t a b i l i s a t i o n
D e s p i t e  t h e  low s i n g l e  mode e f f i c i e n c y  i t  was d e c id e d  to  a s s e s s  
t h e  l a s e r  f re q u e n c y  s t a b i l i z a t i o n  o f  t h e  second  ha rm on ic  l a s e r .  The :
s t a b i l i s i n g  sy s tem  < i s  shown s c h e m a t i c a l l y  i n  f i g u r e  3. W hile ^
î|
UV was b e in g  g e n e r a te d  t h e  v i s i b l e  o u tp u t  from  t h e  dye  l a s e r  was s p l i t  i
and d i r e c t e d  i n t o  a p h o to d io d e  r e f e r e n c e  c h a n n e l  and  th ro u g h  th e  j
r e f e r e n c e  and t r a n s m i s s i o n  c h a n n e ls  were f e d  th ro u g h  a f a s t  d i f f e r e n c i n g  |
$
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The s t a b i l i s i n g  c i r c u i t s  w ere  r a t h e r  slow h a v in g  a u n i t y  g a in  
bandw id th  o f  l e s s  t h a n  1 kHz. T h is  meant t h a t  any f a s t  f r e q u e n c y  e x c u r s io n  <4 
which moved th e  l a s e r  th ro u g h  th e  bandpass  o f  t h e  r e f e r e n c e  c a v i t y  |I(< 10 MHz) would make th e  s t a b i l i z a t i o n  c i r c u i t s  l o o s e  c o n t r o l .  With 4
%t h i s  c i r c u i t  t h e  l a s e r  c o u ld  be  s t a b i l i z e d  to  a b o u t  2 MHz f o r  p e r i o d s  i n  4
t h e  r e g i o n  o f  30 se c  b e f o r e  jum ping  o u t  o f  l o c k .  T h is  s i t u a t i o n  c o u ld  
u n d o u b te d ly  be  im proved by i n c l u d i n g  f a s t  e l e c t r o n i c  s t a b i l i z a t i o n  a s  has  
been  done p r e v i o u s l y  i n  c o n n e c t io n  w i th  v i s i b l e  l a s e r s .  In  p a r t i c u l a r  If
th e  second  ha rm on ic  c r y s t a l  c o u ld  be  used  a s  an  e l e c t r o - o p t i c  m o d u la to r  
f o r  v e ry  f a s t  s t a b i l i z a t i o n .  T h is  s h a l l  be  c o n s id e r e d  i n  more d e t a i l  
l a t e r  ( V I I .6 ) .  C i r c u i t s  s u i t a b l e  f o r  a c c o m p l i s h in g  t h i s  a r e  d e s c r i b e d
I
i n  a p p en d ix  A 4
1
V I I . 5 Tuning  th e  S in g le  F requency  L a s e r
Two t u n in g  a r ra n g e m e n ts  w ere  i n v e s t i g a t e d ;  one u s in g  th e  p i e z o -  4
e l e c t r i c a l l y  scanned  t h i c k  é t a l o n ,  t h e  o t h e r  u s in g  a s o l i d  t h i c k  é t a l o n  
t h a t  c o u ld  be t i l t e d .
In  t h e  fo rm e r  an  a p p l i e d  v o l t a g e  ramp was u sed  to  sc an  b o th  é t a l o n  
and c a v i t y ,  w i th  s u i t a b l e  p r o p o r t i o n a l  c o n t r o l  to  keep  th e  modes i n  s t e p .
The l a s e r  c o u ld  o n ly  be  scanned  o v e r  ab o u t  100-200 MHz w i t h  t h i s  sy s tem ; 
f o r  s c a n n in g  r a n g e s  l a r g e r  th a n  t h i s  th e  l a s e r  hopped many c a v i t y  mode 
s p a c i n g s , T h is  was found  to  be  due to  i n t e r f e r e n c e  be tw een  th e  back  
s u r f a c e  and f r o n t  s u r f a c e  o f  one o f  th e  é t a l o n  p l a t e s .
The t i l t i n g  é t a l o n  m ethod o f  t u n in g  th e  l a s e r  was a l i t t l e  more
s u c c e s s f u l .  In  t h i s  c a s e  t h e  ramp v o l t a g e  p a s s e d  th ro u g h  a s q u a re  r o o t  I*
c i r c u i t  b e f o r e  go ing  t o  t h e  t i l t i n g  g a lv a n o m e te r ,  th e  c o n t r o l  o f  th e  3
c a v i t y  mode t u n e r  b e in g  as  b e f o r e .  A z e ro  a d j u s t  s e rv e d  to  c e n t r e  th e
é t a l o n  a lo n g  t h e  beam a x i s  p e r p e n d i c u l a r  to  th e  p la n e  o f  th e  t i l t .  In  o r d e r  §
I
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t h a t  t h e  l a s e r  c a v i t y  l e n g t h  and é t a l o n  gang a c c u r a t e l y  i t  i s  n e c e s s a r y  
to  c e n t r e  th e  é t a l o n  to  w i t h i n  a t  l e a s t  one c a v i t y  mode s p a c in g .  T h is
c o u ld  be  done by t i l t i n g  t h e  é t a l o n  u s in g  t h e  ze ro  c o n t r o l .  As th e
é t a l o n  goes th ro u g h  th e  ze ro  p o s i t i o n  th e  f re q u e n c y  goes th ro u g h  a minimum.
T h is  minimum can  be l o c a t e d  w i th  s u f f i c i e n t  a c c u ra c y  to  l o c a t e  th e  ze ro  
p o s i t i o n .
In  o r d e r  t h a t  t h e  s c a n  be l i n e a r  o v e r  a b road  tu n in g  r a n g e  th e  s q u a re  
r o o t  c i r c u i t  must be more a c c u r a t e  th a n  a b o u t  1%. The s q u a re  r o o t  c i r c u i t  
d e s c r i b e d  i n  a p p e n d ix  A i s  o n ly  1% a c c u r a t e  a t  t h e  maximum in p u t  v o l t a g e  
o f  lOV and d ro p s  to  a b o u t  10% f o r  v o l t a g e s  l e s s  t h a n  IV . T h is  i s  c l e a r l y  
i n s u f f i c i e n t  to  p r o v id e  a l i n e a r  s c a n .  An im proved v e r s i o n  o f  t h e  s q u a re  
r o o t  c i r c u i t  was c o n s t r u c t e d  u s in g  t h e  r a t i o m e t e r  c i r c u i t  d e s c r ib e d  i n  
ap p e n d ix  A. The r a t i o m e t e r  was d e s ig n e d  f o r  low n o i s e ,  h ig h  s t a b i l i t y  
a p p l i c a t i o n s  and has  t h e  c a p a b i l i t y  o f  b e t t e r  th a n  0.2% a c c u r a c y .  However, i
t h i s  a c c u r a c y  r e q u i r e s  c a r e f u l  s e t t i n g  up and o n ly  3% a c c u ra c y  was a c h ie v e d  }"■4
d u r in g  th e  c o u rs e  o f  t h e s e  e x p e r im e n t s .  The r a t i o m e t e r  t a k e s  two s i g n a l s  |
A and C and d i v i d e s  them t o  g iv e  B = A/C. I f  th e  o u t p u t  B i s  f e d  t o  t h e  1
i  ^ 1i n p u t  C th e n  B = C. T h e r e f o r e  t h e  o u tp u t  becomes B = A ^, S in ce  th e  i
a c c u r a c y  o f  t h e  c i r c u i t  i s  d e g ra d e d  a t  sm a ll  i n p u t s  a  ramp v o l t a g e  o f  up <
3to  10 V was f e d  to  th e  A in p u t  and th e  o u tp u t  was a t t e n u a t e d  b e f o r e  go ing  
to  t h e  d r i v e  a m p l i f i e r .  Using t h i s  c i r c u i t  th e  dye l a s e r  c o u ld  o n ly  be 
scanned  o v e r  th e  r e g i o n  o f  a b o u t  500 MHz b e f o r e  h o p p ing  to  th e  n e x t  c a v i t y  
mode. The mode h o p p in g  i n  t h i s  c a s e  was much more c o n t r o l l e d  t h a n  i n  t h e  
p i e z o e l e c t r i c a l l y  scanned  é t a l o n  c a s e ,  i n d i c a t i n g  t h a t  t h e  sc a n n in g  was 
o n ly  s l i g h t l y  o u t  o f  s t e p .  The l i m i t e d  s c a n n in g  r a n g e  i n  t h i s  c a s e  i s  due 
to  th e  n o n l i n e a r i t y  i n  t h e  s q u a re  r o o t  e l e c t r o n i c s .  T h is  can  o n ly  be 
overcome by c a r e f u l  a d ju s tm e n t .
A l though  tu n in g  t h e  dye l a s e r  met w i th  v e ry  l i m i t e d  s u c c e s s ,  i t  d id
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i l l u s t r a t e  th e  t o l e r a n c e  r e q u i r e d  on th e  e l e c t r o n i c s  and o p t i c a l
q u a l i t y  o f  th e  com ponents . Once t h e s e  d i f f i c u l t i e s  have  been  overcome |
a  sc a n  o f  ab o u t  3 GHz s h o u ld  be p o s s i b l e .  |
The s i n g l e  f r e q u e n c y  e x p e r im e n ts  have  shown t h a t  th e  p rob lem s 
a s s o c i a t e d  w i th  a second  ha rm o n ic  dye l a s e r  a r e  no d i f f e r e n t  from  t h o s e  
o f  a fu n d am e n ta l  dye l a s e r .  The s i n g l e  f r e q u e n c y  p rob lem s o f  t h e  _ ^
fu n d am e n ta l  dye l a s e r  w i l l  have  to  be e l i m i n a t e d  b e f o r e  th e  s u c c e s s f u l  #
o p e r a t i o n  o f  a UV dye l a s e r  i s  p o s s i b l e .  4
V I I . 6 P roposed  Improvements
T here  a r e  some f a i r l y  o b v io u s  im provem ents w hich  c an  be made to  
th e  e x i s t i n g  s i n g l e  f r e q u e n c y  sy s te m  such  as  an improved j e t ,  b e t t e r  s c a n n in g  
e l e c t r o n i c s  and improved o p t i c s .  These  a r e  changes w hich m ust be  made ?
b e f o r e  th e  dye l a s e r  w i l l  o p e r a t e  i n  a s t a b l e  m anner. The m ajo r  improvement 
w hich  i s  t o  be  d i s c u s s e d i n  t h i s  s e c t i o n  i s  th e  f a s t  f r e q u e n c y  s t a b i l i z a t i o n  
o f  t h e  dye l a s e r .  The n o v e l  f e a t u r e  i s  t h a t  t h e  second  harm onic  c r y s t a l  v;
co u ld  be  used  a s  f a s t  e l e c t r o - o p t i c  m o d u la to r  f o r  f r e q u e n c y  s t a b i l i z a t i o n .  4
For maximum second  ha rm on ic  g e n e r a t i o n  t h e  ADA c r y s t a l  i s  o r i e n t a t e d  '%
w i th  t h e  beam p r o p a g a t io n  d i r e c t i o n  a t  90^ to  t h e  z - a x i s  and th e  x -  and i
o  ^ . . . .  ^y -a x e s  a t  45 to  t h e  beam p o l a r i z a t i o n .  I f  an  e l e c t r i c  f i e l d  i s  a p p l i e d  ]
a lo n g  t h e  z - a x i s  t h i s  i s  j u s t  th e  a r ra n g e m e n t  f o r  a  t r a n s v e r s e  e l e c t r o -  ^
o p t i c  m o d u la to r .  For  t h i s  o r i e n t a t i o n  th e  e x t r a o r d i n a r y  r e f r a c t i v e  in d e x
i s  unchanged by a p p l i c a t i o n  o f  a f i e l d  b u t  th e  o r d i n a r y  r a y  r e f r a c t i v e  %
9 'in d e x  changes by %
An = r e 3 n^3 v / 2 t  |
w here V i s  t h e  v o l t a g e  a p p l i e d  a c r o s s  t h e  c r y s t a l  o f  t h i c k n e s s  t ,  n^ i s  /S
t h e  o r d i n a r y  r e f r a c t i v e  in d e x  and  r e s  i s  th e  e l e c t r o - o p t i c  c o n s t a n t  o f  4
ADA. I f  t h e  e f f e c t i v e  c a v i t y  l e n g t h  changes by X/2 t h e  l a s e r  f r e q u e n c y  .?
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w i l l  b e  s h i f t e d  by a c a v i t y  mode s e p a r a t i o n .  The a p p l i e d  v o l t a g e  r e q u i r e d  
f o r  a X/2 l e n g t h  change  i s  th u s
Vi = X t / r e 3  n  ^ i
2
where Z i s  t h e  c r y s t a l  l e n g t h .  For an  ADA c r y s t a l  o f  5 mm t h i c k n e s s  and 
15 mm i n  l e n g t h  t h e  h a lfw a v e  v o l t a g e  a t  600 nm i s  6 kV. For a  l a s e r  
o f  c a v i t y  l e n g t h  Im t h i s  c o r r e s p o n d s  to  a f r e q u e n c y  s h i f t  o f  150 MHz. 
T y p ic a l  f a s t  f r e q u e n c y  e x c u r s io n s  c o r re s p o n d  t o  f r e q u e n c y  s h i f t s  i n  t h e  
r e g i o n  o f  10 MHz. A s t a b i l i z i n g  v o l t a g e  o f  up t o  _+ 200 V i s  t h e r e f o r e  
r e q u i r e d  f o r  f a s t  f r e q u e n c y  s t a b i l i z a t i o n .
In  C h a p te r  V i t  was shown t h a t  t h e  UV second  ha rm on ic  i n t e n s i t y  was 
r e d u c e d  by a p p ro x im a te ly  1% on a p p l i c a t i o n  o f  a b o u t  700 V. The jn 200 V 
s t a b i l i z a t i o n  v o l t a g e  sh o u ld  t h e r e f o r e  have  l i t t l e  e f f e c t  on th e  UV 
i n t e n s i t y  s i n c e  f l u c t u a t i o n s  o f  t h i s  o r d e r  a l r e a d y  e x i s t  i n  t h e  l a s e r  
o u t p u t .
A c i r c u i t  w i th  a  b an d w id th  i n  th e  r e g i o n  o f  1 MHz and c a p a b le  o f  
s u p p ly in g  up t o  + .150  V i s  d e s c r i b e d  i n  a p p e n d ix  A. The u s e  o f  t h i s  
c i r c u i t  t o  s t a b i l i z e  t h e  dye l a s e r  f r e q u e n c y  sh o u ld  r e d u c e  th e  l a s e r  
l i n e w i d t h  t o  l e s s  t h a n  1 MHz.
A f u r t h e r  improvement i n  t h e  l a s e r  would be p o s s i b l e  by th e  u s e  o f  an  
i n t e n s i t y  s t a b i l i z e r .  In  t h i s  c a s e  a low v o l t a g e  e l e c t r o - o p t i c  m o d u la to r  
c o u ld  be p la c e d  b e tw een  th e  a rg o n  pump beam and th e  dye l a s e r .  By 
m o n i to r in g  th e  v i s i b l e  dye  l a s e r  power and com paring  t h i s  w i th  a  v a r i a b l e  
r e f e r e n c e  c u r r e n t  an e r r o r  s i g n a l  c a n  be o b t a i n e d .  A f t e r  go in g  th ro u g h  
th e  s t a n d a r d  i n t e g r a t o r  and 3 dB p e r  o c ta v e  f i l t e r s  t h i s  s i g n a l  can  be 
a m p l i f i e d  and a p p l i e d  t o  t h e  e l e c t r o - o p t i c  c r y s t a l .  The a p p l i e d  v o l t a g e  
w i l l  t h e n  r o t a t e  t h e  p o l a r i z a t i o n  o f  t h e  pump beam. T h is  change i n  
p o l a r i z a t i o n  i s  t r a n s f e r r e d  to  an  i n t e n s i t y  change  by g o in g  th ro u g h  an
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a n a l y s e r .  The change i n  pump i n t e n s i t y  w i l l  t h e r e f o r e  m a in ta in  th e  
dye l a s e r  o u tp u t  power a t  a  c o n s t a n t  v a l u e .
A s u i t a b l e  m o d u la to r  i s  a low v o l t a g e  ADP m o d u la to r .  T y p i c a l ly  
t h e  h a l f - w a v e  v o l t a g e  o f  t h e s e  c r y s t a l s  i s  250 V, A h ig h  v o l t a g e ,  h ig h  
f r e q u e n c y  c i r c u i t  i s  t h e r e f o r e  r e q u i r e d  once m ore.
A l a r g e  bandw id th  c i r c u i t  f o r  a c c o m p lis h in g  t h i s  i s  g iv e n  i n  
ap p en d ix  A. In  t h i s  c i r c u i t  th e  f a s t  and slow  s i g n a l s  a r e  a p p l i e d  to  
o p p o s i t e  s id e s  o f  t h e  m o d u la to r .  The bandw id th  o f  th e  sy s tem  i s  g r e a t e r  
t h a n  1 MHz and  t h e  v o l t a g e  swing i s  150 V. The u s e  o f  t h i s  s t a b i l i z e r  
sh o u ld  r e d u c e  i n t e n s i t y  f l u c t u a t i o n s  t o  l e s s  th a n  1 p a r t  i n  10^ ,
I- ^
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A ppendix  A
SOME SPECIALISED ELECTRONIC CIRCUITS
A b s t r a c t
I n  t h i s  a p p e n d ix  some o f  t h e  s p e c i a l i s e d  e l e c t r o n i c s  w hich have 
been  e x t e n s i v e l y  used  th ro u g h o u t  t h e  c o u r s e  o f  t h i s  work a r e  d e s c r i b e d  
and b r i e f l y  d i s c u s s e d .  Only t h e  i n f o r m a t io n  r e q u i r e d  f o r  th e  u se  o f  
t h e  c i r c u i t s  i s  g iv e n .
C o n te n ts
A,1 A 3 dB p e r  O ctave  F i l t e r  and I n t e g r a t o r
A .2 High V o l ta g e  A m p l i f ie r
A .3 F a s t  D i f f e r e n c e  A m p l i f ie r
A .4 F a s t  L a s e r  F requency  S t a b i l i z e r
A .5 I n t e n s i t y  S t a b i l i z e r
A . 6 R a t io m e te r
A .7 B i r é f r i n g e n t  F i l t e r  P o s i t i o n e r
A . 8 T e m p era tu re  C o n t r o l l e r
A .9 G alvanom eter  D r iv e r
A . l
A . l  A 3 Db p e r  O ctave  F i l t e r  and I n t e g r a t o r
T h is  c i r c u i t  was d e s ig n e d  a t  NPL and d e t a i l s  a r e  g iv e n  i n  t h e  NPL 
r e p o r t  Qu 28.
A 3 dB p e r  o c ta v e  f i l t e r  and i n t e g r a t o r  a r e  a t  th e  h e a r t  o f  a l l  th e  
s t a b i l i z i n g  c i r c u i t s  used  i n  t h i s  w ork . T h is  c o m b in a t io n  i s  u sed  s i n c e  
th e  combined f re q u e n c y  r e s p o n s e  o f  9 dB p e r  o c ta v e  g a in  i s  t h e  maximum 
r o l l - o f f  w hich can  be  a l lo w e d  w i th o u t  i n t r o d u c in g  p h a se  s h i f t s  o f  180° o r  
m ore. A lthough  more r e c e n t  NPL c i r c u i t s  c o n ta i n  d o u b le  i n t e g r a t o r s  
g iv in g  a r o l l - o f f  o f  12 dB p e r  o c ta v e  , they o n ly  work i f  th e  c o rn e r  
f r e q u e n c y  o f  t h e  f i r s t  i n t e g r a t o r  i s  much l e s s  t h a n  th e  u n i t y  g a in  p o i n t .
The c i r c u i t  d ia g ra m  o f  t h e  3 dB p e r  o c ta v e  f i l t e r  and i n t e g r a t o r  
a r e  shown in  f i g u r e  1 . O p e r a t i o n a l  a m p l i f i e r s  w i th  d u a l  FET i n p u t s  a r e  
used  f o r  b o th  s t a g e s  to  m in im ise  dc d r i f t s  due to  changes  i n  i n p u t  b i a s  
c u r r e n t s  and v o l t a g e s .  T hese  d r i f t s  a r e  o f  p a r t i c u l a r  im p o r ta n c e  s in c e  
th e y  d i r e c t l y  a f f e c t  t h e  s t a b i l i t y  o f  th e  s e rv o  sy s te m . The f i l t e r  i s  
p ro v id e d  w i t h  a  s w i t c h a b l e ,  p a r a l l e l  f e e d b a c k  lo o p  so t h a t  when th e  loop  
i s  c o n n e c te d  t h e  f i l t e r  h a s  a f l a t  f r e q u e n c y  r e s p o n s e  o f  g a in  0 . 5 .  T h is  
g r e a t l y  r e d u c e s  t h e  low f r e q u e n c y  r e s p o n s e  o f  t h e  s e rv o  sy s tem  and a l lo w s  
a l o o s e  loop  to  be e s t a b l i s h e d  b e f o r e  th e  h ig h  g a in  f i l t e r  i s  s w i tc h e d  
i n .  W ithou t two s t a g e  l o c k in g  a s l i g h t  z e ro  e r r o r  s i g n a l  would c a u s e  l a r g e  
t r a n s i e n t  v o l t a g e s  t o  be  d e v e lo p e d  when th e  lo o p  i s  c l o s e d .  These  s u rg e s  
c o u ld  c a u se  an  o v e r s h o o t  i n  t h e  s e rv o  sy s tem  and p r e v e n t  l o c k in g  t a k i n g  
p l a c e .
A v a r i a b l e  g a in  c o n t r o l  i s  p ro v id e d  i n  th e  s e rv o  sy s tem  by s w i tc h in g  th e  
v a lu e  o f  i n p u t  r e s i s t a n c e  t o  t h e  i n t e g r a t o r  from  330f2 t o  10 MO i n  r o u g h ly
e q u a l  s t e p s ,  A 10 kO s e r i e s  r e s i s t o r  i s  i n c lu d e d  i n  th e  o u tp u t  o f  th e  
i n t e g r a t o r  to  p r o t e c t  t h e  a m p l i f i e r  i n  th e  e v e n t  o f  an  a c c i d e n t a l  s h o r t  
c i r c u i t  o f  t h e  o u t p u t .
:#l
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The o u t p u t  v o l t a g e  from  t h e  i n t e g r a t o r  i s  m o n i to re d  on a p a n e l  
m e te r  to  e n s u re  t h a t  th e  s a t u r a t i o n  o f  th e  a m p l i f i e r  o u t p u t  can  be 
e a s i l y  r e c o g n i s e d .
The l i n k  G-H i s  p ro v id e d  to  com pensa te  f o r  any p h ase  s h i f t s  o f  
component w hich  come b e f o r e  t h e  3 dB o c ta v e  f i l t e r .  In  most c a s e s  t h i s  
was j u s t  s h o r t e d  o u t .
The s e rv o  sy s tem  i n c o r p o r a t e s  a s e a r c h  mode w hich a l lo w s  th e  
i n t e g r a t o r  o u tp u t  t o  be  scanned  and s e t  t o  t h e  r e q u i r e d  v a lu e  p r i o r  
to  c lo s i n g  t h e  lo c k  lo o p .  T h is  i s  ac co m p lish e d  by s w i tc h in g  a v a r i a b l e  
c u r r e n t  s o u rc e  to  t h e  i n t e g r a t o r  i n p u t  w h i l e  a  470 kfi fe e d b a c k  r e s i s t o r  
i s  sw i tc h e d  in  p a r a l l e l  w i th  t h e  2 pF c a p a c i t o r .  The i n t e g r a t o r  i s  
th e n  used  as  an  i n v e r t i n g  a m p l i f i e r  b u t  th e  c a p a c i t a n c e  i s  l e f t  i n  
c i r c u i t  so t h a t  i t  i s  c h a rg e d  t o  t h e  a p p r o p r i a t e  p o t e n t i a l  b e f o r e  th e  
lo c k  s w i tc h  i s  c l o s e d ,  A z e r o in g  p o t e n t io m e te r  i s  p ro v id e d  to  a d j u s t  
th e  i n t e g r a t o r  o u t p u t  w h i l e  i n  t h e  s e a r c h  mode.
Because o f  th e  v e ry  h ig h  low f re q u e n c y  g a in  o f  th e  s e rv o  sy s tem  
t h e  dc o f f - s e t s  on th e  i n t e g r a t o r  and 3 dB p e r  o c ta v e  f i l t e r  must be 
c a r e f u l l y  a d j u s t e d .  T h is  i s  done by s h o r t i n g  t h e  i n p u t  to  th e  f i l t e r  
and a d j u s t i n g  t h e  o f f s e t  o f  t h e  f i l t e r  and th e n  th e  i n t e g r a t o r .  S l i g h t  
a d ju s tm e n ts  t o  th e  o f f - s e t s  h av e  u s u a l l y  t o  be made w h i le  t h e  sy s te m  i s  
i n  o p e r a t i o n .  T h is  i s  most c o n v e n ie n t l y  done by a d j u s t i n g  th e  o f f - s e t  
o f  t h e  l a d d e r  f i l t e r  a t  a h ig h  g a in  s e t t i n g  u n t i l  t h e  i n t e g r a t o r  o u tp u t  





A .2 High V o l tag e  A m p l i f i e r
In  c a s e s  when th e  i n t e g r a t o r  o u tp u t  has  to  be i n t e r f a c e d  w i th  a |
p i e z o e l e c t r i c  c e ra m ic  a h ig h  v o l t a g e  o u tp u t  i s  r e q u i r e d .  An a m p l i f i e r -s
w i th  a u n i t y  g a in  f r e q u e n c y  r e s p o n s e  o f  up to  1 kHz and maximum o u t p u t
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v o l t a g e  o f  900 V i s  shown i n  f i g u r e  2 .
A 1 kV power s u p p ly  w i th  a maximum c u r r e n t  c a p a b i l i t y  o f  1 mA
i s  r e q u i r e d .  The c i r c u i t  has  been  d e s ig n e d  so  t h a t  no more th a n  300 V
a p p e a r s  a c r o s s  any t r a n s i s t o r  o r  r e s i s t o r .  The s i g n a l  in p u t  i s  th ro u g h
R2 which c o n v e r t s  th e  v o l t a g e  o u tp u t  o f  t h e  i n t e g r a t o r  i n t o  a  c u r r e n t
s i g n a l .  The o u t p u t  v o l t a g e  as  a  f u n c t i o n  i n  in p u t  c u r r e n t  i s  shown i n  
f i g u r e  3 . The c a p a c i t o r  C2 a c r o s s  R2 i s  used  f o r  bandw id th  co m p e n sa t io n  
to  c o r r e c t  f o r  t h e  l o s s  o f  h ig h  f re q u e n c y  r e s p o n s e  i n  t h e  p i e z o e l e c t r i c  
c r y s t a l  when i t s  im pedance a p p ro a c h e s  t h e  200 kS2 o u t p u t  impedance' o f  th e  
a m p l i f i e r .  A b i a s  c u r r e n t  o f  -50  pA i s  p ro v id e d  th ro u g h  R3 to  b r in g  
th e  o u tp u t  t o  m id - ra n g e  f o r  z e ro  i n p u t  th ro u g h  R2 .
A .3 F a s t  D i f f e r e n c e  A m p l i f i e r
When com paring  t h e  l a s e r  i n t e n s i t y  w i th  t h e  t r a n s m i s s i o n  f r i n g e  o f  
a r e f e r e n c e  c a v i t y  a f a s t  d i f f e r e n c i n g  a m p l i f i e r  i s  r e q u i r e d  to  g iv e  a 
z e ro  e r r o r  s i g n a l  t o  f e e d  i n t o  t h e  l a s e r  s t a b i l i z i n g  se rv o  sy s te m . An 
a m p l i f i e r  w i th  a b a ndw id th  o f  15 MHz i s  shown i n  f i g u r e  4 .
The r e f e r e n c e  and  t r a n s m i s s i o n  f r i n g e  i n t e n s i t y  a r e  m o n ito re d  on 
two r e v e r s e  b i a s e d  s i l i c o n  p h o to d io d e s  c o n n e c te d  b a c k - t o - b a c k .  The 
d i f f e r e n c e  i n  ph o to  c u r r e n t  i s  f e d  d i r e c t l y  to  a n  Analogue D ev ices  
AD 50J  FET in p u t  o p e r a t i o n a l  a m p l i f i e r .  T here  i s  p r o v i s i o n  f o r  dc o f f - s e t  
and f r e q u e n c y  t r i m  i n  t h e  a m p l i f i e r  f e e d b a c k  lo o p .
A .4 F a s t  L a s e r  F requency  S t a b i l i z e r
T h is  c i r c u i t  i s  b a sed  on t h a t  d e s ig n e d  and d e v e lo p e d  by J  L H a l l  
o f  t h e  N a t io n a l  Bureau o f  S t a n d a r d s ,  B o u ld e r ,  C o lo ra d o .  I t  i s  u se d  i n  
t h e  v e ry  f a s t  f r e q u e n c y  s t a b i l i z a t i o n  o f  dye l a s e r s .  A c i r c u i t  d iag ra m  
i s  shown i n  f i g u r e  5 .
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The in p u t  c o n s i s t s  o f  a v a r i a b l e  g a in  i n v e r t i n g  a m p l i f i e r ,  th e  o u tp u t  
o f  w hich i s  f e d  to  a 3 dB p e r  o c ta v e  l a d d e r  f i l t e r .  The o u tp u t  from  
th e  l a d d e r  f i l t e r  i s  t h e n  s p l i t  t o  p r o v id e  a f a s t  and slow  s i g n a l .  The 
f a s t  s i g n a l  i s  p ro v id e d  by a p p ly in g  th e  o u tp u t  from  t h e  l a d d e r  f i l t e r  to  
t h e  n o n - i n v e r t  i n p u t  to  a f a s t  h ig h  v o l t a g e  D a te l  AM 302B a m p l i f i e r .  T h is  
o p e r a t i o n a l  a m p l i f i e r  p r o v id e s  an  o u t p u t  o f  up to  + .150  V a t  f r e q u e n c ie s  
up to  a  few MHz. The o u tp u t  i s  l i m i t e d  by a v o l t a g e  c lam p . The f a s t  
o u tp u t  s i g n a l  can  th e n  be a p p l i e d  e i t h e r  to  a f a s t  p ie z o c e ra m ic  o r  to  an  
e l e c t r o - o p t i c  m o d u la to r .
The o u t p u t  o f  th e  l a d d e r  f i l t e r  i s  a l s o  a p p l i e d  t o  a  v a r i a b l e  g a in  
n o n - i n v e r t i n g  a m p l i f i e r .  A s low  s i g n a l  i s  p ro v id e d  by a p p ly in g  t h i s  
o u t p u t  to  an  i n t e g r a t o r .  The i n t e g r a t o r  o u tp u t  can  th e n  be  a p p l i e d  to  a 
h ig h  v o l t a g e  dc a m p l i f i e r  o f  th e  ty p e  d i s c u s s e d  i n  A, 2 and th e n  to  a 
p ie z o c e ra m ic  f o r  s low  s t a b i l i z a t i o n .
The c i r c u i t  i n c o r p o r a t e s  an  a u to m a t ic  l o c k  f a c i l i t y .  A s m a l l  dc 
v o l t a g e  a p p l i e d  t o  t h e  n o n - i n v e r t  in p u t  o f  th e  i n t e g r a t o r  a l lo w s  th e  
i n t e g r a t o r  o u tp u t  t o  be scanned  i n  a s e a r c h  mode. When th e  o u tp u t  v o l t a g e  
from  th e  f i r s t  a m p l i f i e r  f a l l s  t o  l e s s  th a n  a p r e s e t  v a lu e  (IV i n  t h i s  
c a s e )  a f a s t  v o l t a g e  c o m p a r i to r  i s  u sed  to  th row  two MOS s w i tc h e s .
D uring  th e  s e a c h  mode t h e  MDS s w i tc h  i n  th e  f e e d b a c k  lo c k  o f  t h e  non­
i n v e r t i n g  a m p l i f i e r  i s  c lo s e d  and t h e  MOS s w i tc h  a t  th e  i n p u t  to  th e  
i n t e g r a t o r  i s  opened . T h is  e f f e c t i v e l y  d e c o u p le s  t h e  i n t e g r a t o r  w h i le  
i t s  o u t p u t  i s  b e in g  s c a n n e d .  When z e ro  e r r o r  v o l t a g e  a t  th e  in p u t  d ro p s  
s u f f i c i e n t l y  so t h a t  th e  i n p u t  v o l t a g e  to  t h e  c o m p a r i t o r  i s  l e s s  th a n  
1 V th e  MOS s w i tc h e s  a r e  th row n ; t h e  n o n ' r i n t r a v e r t i n g  a m p l i f i e r  and th e  
i n t e g r a t o r  a r e  b ro u g h t  back  i n t o  c i r c u i t  and t h e  f e e d b a c k  loop  i s  c l o s e d .  
An LED (n o t  shown i n  t h e  c i r c u i t  d iag ra m )  i n d i c a t e s  w h e th e r  t h e  c i r c u i t  




A . 5 I n t e n s i t y  S t a b i l i z e r
In  t h i s  c i r c u i t  th e  i n t e n s i t y  o f  t h e  l a s e r  o u t p u t  i s  m o n ito re d  
on a r e v e r s e  b i a s e d  s i l i c o n  p h o to d io d e  and compared w i th  a c o n s t a n t  
c u r r e n t  s o u r c e .  The r e s u l t i n g  e r r o r  s i g n a l  can th e n  be  f e d  to  any 
s u i t a b l e  s e rv o  sy s tem  such  as  t h o s e  d e s c r i b e d  i n  s e c t i o n s  A . l  and A .4 .
A c i r c u i t  d iag ra m  i s  shown i n  f i g u r e  6 . A v a r i a b l e  c o n s t a n t  c u r r e n t
i
s o u rc e  i s  p ro v id e d  by a p p ly in g  a FET t o  t h e  f e e d b a c k  loop  o f  an  LM301 #
o p e r a t i o n a l  a m p l i f i e r .  T h is  c u r r e n t  i s  compared w i t h  t h a t  o f  a r e v e r s e  Tï
b i a s  s i l i c o n  p h o to d io d e  and a m p l i f i e d  by a f a s t  d i f f e r e n c e  a m p l i f i e r  
u sed  a s  a  c u r r e n t  to  v o l t a g e  c o n v e r t o r .  The r e s u l t i n g  e r r o r  v o l t a g e  i s
th e n  s p l i t  i n t o  two com ponen ts . The f a s t  component i s  a m p l i f i e d  and I
a p p l i e d  d i r e c t  to  t h e  e l e c t r o - o p t i c  m o d u la to r .  The s low  s i g n a l  i s  p a s se d  
th ro u g h  a 3 dB p e r  o c t a v e  l a d d e r  f i l t e r ,  a m p l i f i e d ,  i n t e g r a t e d  and f e d  
t o  t h e  e l e c t r o - o p t i c  m o d u la to r .  The f a s t  and slow  s i g n a l s  a r e  a p p l i e d  
t o  o p p o s i t e  s i d e s  o f  t h e  m o d u la to r .  |
A. 6 R a t io m e te r Ï
The r a t i o m e t e r  i s  a d e v ic e  w hich  has  t h r e e  i n p u t s ,  A, B and G.
The o u tp u t  i s  e q u a l  to  (A-B)/|c| and when A and B a r e  each  in d e p e n d e n t ly  
s h o r te n e d  A/|c| and -B/|c| a r e  t h e  o u t p u t s .  The r a t i o m e t e r  i s  p a r t i c u l a r l y  
u s e f u l  f o r  m o n i to r in g  a s i g n a l  A, say  and n o r m a l i s in g  i t  t o  some o t h e r  
p a ra m e te r  a p p l i e d  t o  C,
The c i r c u i t  d ia g ra m  i s  shown i n  f i g u r e  7 .  The i n p u t s  a t  A, B and C 
a r e  b u f f e r e d .  The C b u f f e r  s t a g e  i s  th e n  c o n n e c te d  to  a s e n s e  a m p l i f i e r  
t h e  o u tp u t  o f  w hich  c o n t r o l s  two FETs. These a r e  t h e n  used  t o  g iv e  
i n v e r t i n g  o r  v o l t a g e - f o l l o w e r  o p e r a t i o n  to  th e  n e x t  s t a g e  dep en d in g  on 
w h e th e r  th e  C in p u t  i s  p o s i t i v e  o r  n e g a t i v e .
The in p u t  t o  t h e  r a t i o m e t r i c  c i r c u i t  r e q u i r e s  an  ac v o l t a g e  v?
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p r o p o r t i o n a l  to  A-B. T h is  i s  o b t a in e d  by chopping  th e  A and B in p u t s  
w i th  p a r a l l e l / s e r i e s  FETs. The s w i tc h in g  i s  o b t a i n e d  from  a m u l t i v i b r a t o r  
which ru n s  a t  a b o u t  400 Hz. The chopp ing  on A and B i s  an  a n t i p h a s e  
so t h a t  t h e  r e q u i r e d  d i f f e r e n c e  A-B i s  o b t a i n e d .
T h is  i s  th e n  f e d  t o  t h e  r a t i o m e t r i c  p a r t  o f  t h e  c i r c u i t  w hich i s  j u s t  
an  ac  a m p l i f i e r  w i th  an  i n p u t  p r o p o r t i o n a l  to  A-B and w i th  g a in  i n v e r s e l y  
p r o p o r t i o n a l  t o  C,
The o u t p u t  from  th e  r a t i o m e t r i c  c i r c u i t  i s  a chopped waveform w i th  
a m p l i tu d e  p r o p o r t i o n a l  to  th e  d e s i r e d  r a t i o .  The o u t p u t  c o n s i s t s  o f  a 
f u l l - w a v e  d e m o d u la to r  w hich  p roduced  th e  f i n a l  dc o u t p u t .  Smoothing o f  
t h e  r e s i d u a l  chop components i s  p ro v id e d  by a l a r g e  c a p a c i t o r  i n  th e  f e e d ­
back  loop  o f  t h e  l a s e r  o p e r a t i o n a l  a m p l i f i e r .
The in p u t s  A and  B can  b e  be tw een  ^  10 V and C be tw een  50 mV and 10 V. 
The l i n e a r i t y  o f  th e  c i r c u i t  s h o u ld  be  b e t t e r  th a n  0.02% u n d e r  t h e s e  
c i r c u m s ta n c e s .  The o u tp u t  h a s  a maximum o f  ^  10 V w hich  r e p r e s e n t s  100%. 
When n o t  i n  u s e  A o r  B sh o u ld  be s h o r t e d .  The t im e  c o n s t a n t  o f  t h e  
o u tp u t  s t a t e  i s  100 ms.
A .7 B i r é f r i n g e n t  F i l t e r  P o s i t i o n e r
T h is  c i r c u i t  c o n t r o l s  th e  o r i e n t a t i o n  o f  t h e  b i r é f r i n g e n t  tu n in g  
e le m en t  by s e n s in g  t h e  p o s i t i o n  o f  a  p o t e n t i o m e t e r  l i n k e d  to  th e  f i l t e r .
The c i r c u i t  d iag ra m  i s  shown i n  f i g u r e  8 . The p o s i t i o n  o f  th e  f i l t e r  i s  
l i n k e d  to  th e  s e t t i n g  o f  VRT. The v o l t a g e  a c r o s s  t h e  p o t e n t io m e te r  i s  p u t  
th ro u g h  a b u f f e r  s t a g e .  T h is  v o l t a g e  i s  t h e n  compared w i t h  t h e  v o l t a g e  
d e r iv e d  from e i t h e r  a t e n  t u r n  p o t e n t i o m e t e r  i n c o r p o r a t e d  i n  th e  c i r c u i t  o r  
an e x t e r n a l  s i g n a l  o f  b e tw een  OV and 3V. The o u tp u t  from  th e  h ig h  g a in  
d i f f e r e n c e  a m p l i f i e r  i s  f e d  th ro u g h  t h e  d r i v e  c i r c u i t  f o r  a dc  m o to r .
The m otor  w hich d r i v e s  t h e  b i r é f r i n g e n t  f i l t e r  was a  Maxon dc  m otor
A . 7
s u p p l i e d  by T r i d e n t  E n g in e e r in g  L td .  A s t a b i l i z e d  3V s u p p ly  u sed  f o r  
b i a s i n g  th e  p o s i t i o n i n g  p o t e n t io m e te r s  i s  a l s o  shown i n  f i g u r e  8 .
A. 8 T e m p era tu re  C o n t r o l l e r
The t e m p e ra tu re  c o n t r o l l e r  was s u p p l i e d  by E l e c t r o  O p t ic  Developm ents 
and was used  t o  c o n t r o l  t h e  t e m p e ra tu re  o f  b o th  t h e  ADA and ADP c r y s t a l s .
The t e m p e ra tu re  c o u ld  be  c o n t r o l l e d  t o  w i t h i n  0 .01°C  o v e r  t h e  r a n g e  from  
room t e m p e r a tu r e  to  90°C. The d e t a i l e d  c i r c u i t  o f  t h e  c o n t r o l l e r  c an  be 
found i n  th e  m a n u f a c tu r e r s  handbook b u t  i s  f a i r l y  s im p le .  The c o n t r o l l e r  
was m o d if ie d  so t h a t  t h e  t e m p e r a tu r e  o f  th e  c r y s t a l s  c o u ld  be scanned  by 
an in p u t  ramp v o l t a g e ,
A sc h e m a tic  d ia g ra m  o f  t h e  o r i g i n a l  c o n t r o l  c i r c u i t  i s  shown i n  
f i g u r e  9. The w ip e r  o f  RVl i s  t h e  s e t  t e m p e ra tu re  c o n t r o l  and was a t e n  
t u r n  d i g i t a l  r e a d  o u t  p o t e n t i o m e t e r .  The in p u t  v o l t a g e  to  ICI i s  s e t  
b e tw een  _+ 5 V and t h e  o u tp u t  assum es th e  same v a l u e .  The t h e r m i s t o r  T 
and th e  r e s i s t o r  R a r e  mounted on th e  oven and p r o v id e  a p o t e n t i a l  d i v i d e r  
c i r c u i t .  The v o l t a g e  from  t h i s  p o r t i o n  o f  th e  c i r c u i t  i s  p r o p o r t i o n a l  
t o  th e  t e m p e r a tu r e  o f  t h e  o v e n .  The o u t p u t s  from  ICI and IC2 a r e  
summed and th e  r e s u l t i n g  e r r o r  s i g n a l  i s  a m p l i f i e d  by two o p e r a t i o n a l  
a m p l i f i e r s  and two power t r a n s i s t o r s  w hich  s u p p ly  t h e  c u r r e n t  to  t h e  h e a t e r .
The m o d if ie d  c i r c u i t  i s  a p p l i e d  be tw een  p o i n t s  A and B and i s  shown 
i n  f i g u r e  9 .  T h is  c i r c u i t  s im p ly  a l lo w s  a v o l t a g e  to  be summed w i th  t h e  
v o l t a g e  a c r o s s  RVl and so change th e  c r y s t a l  t e m p e r a tu r e .  An in p u t  
v o l t a g e  o f  up to  lOV i s  f i r s t  r ed u c e d  by a p o t e n t i a l  d i v i d e r .  A t e n  
p o s i t i o n  s w i tc h  a l lo w s  t h e  s e n s i t i v i t y  t o  be  changed from  1°C V^^ to  
10°C V"*^  i n  e q u a l  s t a g e s .  The a t t e n u a t e d  v o l t a g e  i s  p u t  th ro u g h  a b u f f e r  
s t a g e  b e f o r e  b e in g  summed w i th  t h e  v o l t a g e  a t  RVl. The r e s u l t i n g  v o l t a g e  
i s  a m p l i f i e d  and f e d  t o  th e  i n p u t  o f  th e  o r i g i n a l  b a l a n c in g  c i r c u i t .
A . 8
A .9 G alvanom eter  D r iv e r
In  a p p l i c a t i o n s  when a g a lv a n o m e te r  i s  u sed  to  t i l t  an  é t a l o n  i n  
th e  l a s e r  c a v i t y  i t  i s  n e c e s s a r y  t o  ta k e  th e  s q u a re  r o o t  o f  t h e  in p u t  
d r i v e  v o l t a g e  t o  e n s u re  a l i n e a r  w a v e le n g th  s c a n ,  A s im p le  c i r c u i t  
c a p a b le  o f  t a k i n g  t h e  s q u a re  r o o t  o f  an  i n p u t  v o l t a g e  o f  up to  +150 V 
i s  shown in  f i g u r e  10. The s e n s i t i v i t y  o f  t h e  c i r c u i t  can  be changed by 
a l t e r i n g  t h e  v o l t a g e  d i v i d e r  a t  t h e  i n p u t .  A ganged s w i tc h  b y p a s s e s  
t h e  s q u a re  r o o t  c i r c u i t  f o r  d i r e c t  a c c e s s  t o  t h e  g a lv a n o m e te r  d r i v e r .
The power a m p l i f i e r  w hich  d r i v e s  t h e  g a lv a n o m e te r  i s  shown i n  
f i g u r e  11. A c u r r e n t  c a p a b i l i t y  o f  g r e a t e r  t h a n  lA p e r  r a i l  i s  r e q u i r e d  
from  th e  s u p p ly  l i n e .  A 50 kfl p o t e n t io m e te r  i s  i n c lu d e d  to  p r o v id e  
dam ping. T h is  i s  a d j u s t e d  to  m axim ise t h e  f r e q u e n c y  r e s p o n s e  o f  th e  
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F ig u re  9» S i m p l i f i e d  c i r c u i t  d iag ra m  o f  th e  t e m p e r a tu r e  c o n t r o l l e r .  
The m o d if ie d  c i r c u i t  i s  a l s o  shown and i s  i n s e r t e d  be tw een  
p o i n t s  A and B.
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AN ATOMIC WAVELENGTH REFERENCE
In  t h i s  a p p e n d ix  a d e v ic e  f o r  o b t a i n i n g  o p t i c a l  w a v e le n g th  r e f e r e n c e s  
w hich  i s  s im p le  to  u s e  and compact i s  d e s c r i b e d .  The method i s  b a sed  on 
th e  p e r t u r b a t i o n  o f  a  h o l lo w  c a th o d e  d i s c h a r g e  when th e  dye l a s e r  i s  
tu n ed  to  an  a to m ic  r e s o n a n c e  o f  t h e  v a p o u r  c o n ta in e d  i n  th e  d i s c h a r g e .
I n  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  w i th  a  t u n a b l e  dye l a s e r  i t  i s  
im p o r ta n t  t o  o b t a i n  a  f r e q u e n c y  r e f e r e n c e  w hich  i s  a c c u r a t e ,  compact and 
s im p le  t o  u s e .  I t  i s  a l s o  h i g h l y  d e s i r a b l e  t h a t  t h e  r e f e r e n c e  s o u rc e  be 
f a i r l y  d e n se  i n  r e f e r e n c e  p o i n t s  so  t h a t  i n t e r p o l a t i o n  can  be  r e a d i l y  
p e r fo rm e d .  A compact d e v ic e  f o r  u s e  a s  a  f r e q u e n c y  s t a n d a r d  f o r  most of  
t h e  v i s i b l e  r e g i o n  o f  t h e  sp e c t ru m  i s  d e s c r i b e d .
The d e v ic e  i s  b a s e d  on a com m ercial  neon h o l lo w  c a th o d e  lamp o f  th e  
ty p e  u se d  i n  a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e t e r s .  The method r e l i e s  on 
t h e  f a c t  t h a t  when a l a s e r  i s  d i r e c t e d  i n t o  t h e  h o l lo w  c a th o d e  d i s c h a r g e  
and tu n ed  to  an  a to m ic  r e s o n a n c e  t h e  i n c r e a s e d  e x c i t a t i o n  g iv e s  r i s e  to  
an enhancem ent o f  t h e  i o n i z a t i o n  and h e n c e  t h e  d i s c h a r g e  c u r r e n t .  By 
s u i t a b l e  p h a se  s e n s i t i v e  d e t e c t i o n  t h i s  change i n  c u r r e n t  can  be e a s i l y  
m o n i to re d .
Most h o l lo w  c a th o d e  lamps f o r  a to m ic  a b s o r p t i o n  a r e  f i l l e d  w i th  
neon . S in ce  t h e  e m is s io n  l i n e s  o f  neon  have  been  u se d  a s  s e co n d a ry  
f r e q u e n c y  s t a n d a r d s  t h e i r  f r e q u e n c i e s  a r e  a c c u r a t e l y  known. F u r th e rm o re  
neon i s  v e ry  d e n se  i n  a to m ic  l i n e s  th ro u g h o u t  t h e  v i s i b l e  r e g i o n  and  i s  
t h e r e f o r e  i d e a l  a s  a  f r e q u e n c y  r e f e r e n c e .
A s c h e m a t ic  d ia g ra m  o f  a t y p i c a l  e x p e r im e n ta l  s e t - u p  i s  shown i n  
f i g u r e  1. A p o r t i o n  o f  t h e  o u t p u t  from  a c o n t in u o u s -w a v e  dye l a s e r  
pumped by an  a rg o n  io n  l a s e r  i s  d i r e c t e d  i n t o  t h e  c e n t r e  o f  a  h o l lo w -
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c a th o d e  lam p. The l a s e r  beam i s  m odu la ted  by a ch o p p e r  and a d i s c h a r g e  
c u r r e n t  a t  t h e  m o d u la t io n  f re q u e n c y  i s  o b se rv e d  by p h a se  s e n s i t i v e  
d e t e c t i o n .  I n  t h e  c o u r s e  o f  e x p e r im e n ts  we have  u sed  s e v e r a l  d i s c h a r g e  
lamps and some b ra n d s  t e n d  to  o s c i l l a t e  and mask any s i g n a l .  For most 
o f  t h e  work a  C athodeon  h o l lo w  c a th o d e  lamp has  b e e n  u s e d .  The dye l a s e r  
was a C o h e re n t  R a d i a t i o n  490 dye  l a s e r  o f  l i n e w i d t h  a p p ro x im a te ly  
0 .0 5  nm and was scanned  from  570-630  nm. The s i g n a l  f o r  most o f  t h e  neon 
l i n e s  was found  t o  be  w e l l  above th e  n o i s e  l e v e l  f o r  an  i n c i d e n t  l a s e r  
power a s  sm a l l  a s  a few m i l l i w a t t s .  The minimum power r e q u i r e d  to  
o b s e rv e  a s i g n a l  was re d u c e d  by a b o u t  two o r d e r s  o f  m ag n i tu d e  when th e  
l a s e r  l i n e w i d t h  was r e d u c e d  to  a p p ro x m a te ly  3GHz by t h e  i n c l u s i o n  o f  a
0 .5  mm s o l i d  f u s e d  s i l i c a  é t a l o n  w i th  30% r e f l e c t i v i t y  c o a t i n g s .  A 
t y p i c a l  s p e c tru m  o f  a neon  h o l lo w  c a th o d e  lamp i s  shown i n  f i g u r e  2 .
The w a v e le n g th  o f  th e  neon l i n e s  a r e  i n d i c a t e d  i i r  f ' i 'gu re  2 .
The d i s c h a r g e  c u r r e n t  was a p p ro x im a te ly  5 mA and th e  s i g n a l  was 
m easured  a c r o s s  a  20 kJ2 b a l l a s t  r e s i s t o r .  A c a p a c i t o r  was u sed  to  
d e c o u p le  t h e  d . c .  l e v e l .  The i n t e g r a t i o n  t im e  o f  t h e  p h a se  s e n s i t i v e  
d e t e c t o r  was 10 m sec.
A lso  shown, i n  t a b l e  I ,  i s  a l i s t  o f  N el l i n e s  w hich  i t  i s  p o s s i b l e  
to  o b s e rv e  o v e r  t h e  r a n g e  o f  a  Rhodamine 6G dye  l a s e r .  The d a t a  f o r  
t h i s  t a b l e  has  b e e n  e x t r a c t e d  from  G R H a r r i s o n ,  W avelength  T a b l e s ,
W iley , New York.
T h is  m ethod o f  o b t a i n i n g  an a c c u r a t e  f r e q u e n c y  r e f e r e n c e  h a s  p ro v en  
to  b e  v e r y  e a sy  i n  u s e  and i n e x p e n s iv e  t o  c o n s t r u c t .  With t h e  i n c r e a s i n g  
u s e  o f  l a s e r s  f o r  p e r fo rm in g  a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e t r y  t h e  
h o l lo w  c a th o d e  lamp o f  t h e  a p p r o p r i a t e  e lem en t  c o u ld  be used  to  m o n i to r  |
th e  w a v e le n g th  o f  t h e  l a s e r  and c o u ld  f u r t h e r  be  u se d  t o  lo c k  t h e  l a s e r  j
f r e q u e n c y  t o  t h e  peak  o f  t h e  a to m ic  a b s o r p t i o n .  I
l a s e r







































T a b le  1 W avelength  o f  N el r e f e r e n c e  l i n e s  o b s e r v a b l e  w i th  a  Rhodamine 6 G
I
0  CL

















F ig u re  2 . T y p ic a l  s p e c t r a  o b t a in e d  w i th  t h e  p e r t u r b a t i o n  
o f  a h o l lo w -c a th o d e  neon lamp by a rhodam ine  6G 
dye l a s e r . ^  The a p p ro x im a te  w a v e le n g th  o f  th e  neon 
l i n e s  i n  A a r e  a l s o  i n d i c a t e d .
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" IC.l IIAppendix C
LASER FREQUENCY ANALYSERS
C . l  I n t r o d u c t i o n
The u se  o f  s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r s  f o r  th e  f r e q u e n c y  a n a l y s i s  |
o f  l a s e r  r a d i a t i o n  has  b een  e x t e n s i v e l y  t r e a t e d  by s e v e r a l  a u th o r s ^
In  t h i s  s e c t i o n  we s h a l l  r e v ie w  o n ly  th e  r e s u l t s  o f  t h o s e  a n a ly s e s  w here  |
th e y  a r e  p a r t i c u l a r l y  r e l e v a n t  t o  t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  an  
i n t e r f e r o m e t e r  f o r  u se  i n  l a s e r  mode a n a l y s i s ,
■S
The s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r  i s  s u p e r i o r  to  a  p l a n e - p l a n e  sy s tem  I$
b e c a u s e  o f  t h e  l e s s  s e v e r e  t o l e r a n c e  on m i r r o r  f l a t n e s s  and a l i g n m e n t .  T h is  I
i s  b e c a u se  a p l a n e - p l a n e  sy s te m  must have  a l a r g e  a p e r t u r e  i f  t h e  f i n e s s e  i s  
to  be h i g h ,  i n  o r d e r  t o  a v o id  d i f f r a c t i o n  l o s s .  T h is  p u t s  a  s e v e r e  r e s t r a i n t  g
on th e  f l a t n e s s  o f  t h e  m i r r o r s  s i n c e  i f  an i n t e r f e r o m e t e r  i s  t o  have  a 
f i n e s s e  o f  E th e  m i r r o r  s u r f a c e s  must be  made f l a t  t o  a t  l e a s t  A/2E o v e r  
th e  w hole  o f  t h e  a p e r t u r e  and th e y  must a l s o  be a l i g n e d  p a r a l l e l  t o  t h i s  
d e g re e  o f  a c c u r a c y .  I n  a d d i t i o n ,  i f  a  na rrow  b a n d p a ss  o f  say  5 Mdz i s  
r e q u i r e d ,  f o r  i n s t a n c e  t o  m easu re  t h e  l i n e w i d th  o f  a  dye l a s e r ,  th e n  
assum ing  a t y p i c a l  f i n e s s e  o f  5 0 ,  t h e  f r e e  s p e c t r a l  r a n g e  r e q u i r e d  i s  250 MHz 
and hence  th e  i n t e r f e r o m e t e r  l e n g t h  m ust be 60 cm. I n  o r d e r  to  a v o id  
e x c e s s iv e  d i f f r a c t i o n  l o s s e s  and c o n se q u e n t  r e d u c t i o n  i n  f i n e s s e  th e  
m i r r o r s  m ust be f l a t  to  X/100 o v e r  an  a p e r t u r e  a t  l e a s t  e q u a l  to  th e  p l a t e  
d i a m e te r ,  i e  60 cm! As we s h a l l  show t h e  r e q u i r e m e n ts  on m i r r o r  s i z e  and 
s u r f a c e  q u a l i t y  a r e  s e v e r e l y  r e d u c e d  by u se  o f  a  s p h e r i c a l  sy s te m .
S p h e r ic a l  m i r r o r  i n t e r f e r o m e t e r s  c an  be  d i v id e d  i n t o  two main 
c a t e g o r i e s .  The f i r s t  o f  t h e s e  c a t e g o r i e s  i s  t h e  g e n e r a l  s p h e r i c a l  
sy s tem  w here t h e  m i r r o r  r a d i i  o f  c u r v a t u r e  and s e p a r a t i o n  c an  have  any
d e s i r e d  v a l u e .  The u s e  o f  t h i s  k in d  o f  c a v i t y  has  b een  d e s c r i b e d  by |
2 . . .  .Fork e t  a l  . T h is  k in d  o f  c a v i t y  i s  more u s e f u l  th a n  a p l a n e - p l a n e





t h e  l a s e r  beam t o  be a n a ly s e d  i n t o  t h e  i n t e r f e r o m e t e r  so t h a t  on ly
a s i n g l e  t r a n s v e r s e  mode o f  t h e  i n t e r f e r o m e t e r  i s  e x c i t e d .  I f  o t h e r
t r a n s v e r s e  modes w ere  e x c i t e d  th ey  would a p p e a r  as s p u r io u s  f r e q u e n c ie s
when a n a ly s i n g  th e  i n p u t  l a s e r .  The mode m a tch ing  o f  t h i s  k in d  o f
i n t e r f e r o m e t e r  i s  n o rm a l ly  a c co m p lish e d  by u se  o f  a  s u i t a b l e  l e n s
p o s i t i o n e d  a t  a  d i s t a n c e  from  th e  i n t e r f e r o m e t e r  w hich i s  d ep en d en t
2upon th e  beam p a ra m e te r s  o f  t h e  r a d i a t i o n  to  be  a n a ly s e d  .
The second  c a te g o r y  o f  s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r s  i s  th e  
d e g e n e r a te  i n t e r f e r o m e t e r .  T h is  i s  a subgroup  o f  th e  more g e n e r a l  
i n t e r f e r o m e t e r s  d i s c u s s e d  p r e v i o u s l y .  The d e g e n e r a te  i n t e r f e r o m e t e r s  
g e t  t h e i r  name from  t h e  f a c t  t h a t  g roups o f  t h e  t r a n s v e r s e  modes o f  
t h e  i n t e r f e r o m e t e r  have  th e  same o s c i l l a t i o n  f r e q u e n c y » ie  th e y  a r e  
f re q u e n c y  d e g e n e r a t e .  The b e s t  known d e g e n e r a te  i n t e r f e r o m e t e r  i s  th e  
c o n fo c a l  i n t e r f e r o m e t e r  w h ich  i s  form ed by two m i r r o r s  o f  e q u a l  r a d i i  
o f  c u r v a t u r e  s e p a r a t e d  by a  d i s t a n c e  e q u a l  to  t h e i r  common r a d i u s  o f  
c u r v a t u r e .  The d e g e n e r a te  i n t e r f e r o m e t e r  h as  t h e  a d v a n ta g e s  t h a t  no 
mode m atch in g  i s  r e q u i r e d ,  i t  h a s  good l i g h t  g a t h e r i n g  e f f i c i e n c y  and 
i s  v e ry  e a sy  to  u se  once i t  h a s  b een  a l i g n e d .  The d e g e n e r a te  sys tem s 
s u f f e r  from  th e  d i s a d v a n ta g e  t h a t  t h e .  s e p a r a t i o n  o f  t h e  m i r r o r s  i s  
q u i t e  c r i t i c a l  and as  a r e s u l t  t h e  f r e e  s p e c t r a l  ran g e  i s  f i x e d .  F o r  
a l l  s p h e r i c a l  c a v i t i e s  t h e  t o l e r a n c e  on m i r r o r  s u r f a c e  q u a l i t y  i s  
g r e a t l y  red u c e d  s i n c e  o n ly  a s m a l l  a p e r t u r e  i s  u s e d .  Beam s i z e s  o f  
th e  o r d e r  o f  0 .5  mm a r e  t y p i c a l  i n  t h e s e  a p p l i c a t i o n s  and s u b s t r a t e s  
w i th  s u r f a c e s  q u a l i t i e s  i n  e x c e s s  o f  X/400 o v e r  t h i s  a p e r t u r e  a r e  
a v a i l a b l e .  D i e l e c t r i c  m i r r o r  c o a t i n g s  w i th  r e f l e c t i v i t i e s  i n  e x c e s s  
o f  99.9% p r e s e n t  no r e a l  p rob lem s and th e  f i n e s s e  o f  a s p h e r i c a l  m i r r o r  
i n t e r f e r o m e t e r  i s  t y p i c a l l y  g r e a t e r  th a n  200 when c a r e f u l l y  d e s ig n e d .
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C.2 Mode a n a l y s i s  o f  a s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r
C o n s id e r  an  o p t i c a l  c a v i t y  w i th  s p h e r i c a l  m i r r o r s  o f  r a d i i  , R2
and s e p a r a te d  by a d i s t a n c e  d .  The mode p a t t e r n  w hich  t h i s  c a v i t y  can
s u s t a i n  a r e  d e n o te d  TEM and  t h e  f re q u e n c y  a s s o c i a t e d  w i th  each  moderanq ^
5i s  g iv e n  by
V ~ ( c /2 d )  {q + ( l / i r )  (1 + m + n)  c o s ~ l  [ (1 -  d / R i ) ( l  -  d /R ^) ] ^ } (1)mnq
Suppose t h a t  a m onochrom atic  f i e l d  o f  f r e q u e n c y  i s  i n c i d e n t  on t h i s  
r e s o n a t o r .  T h is  f i e l d  w i l l  e x c i t e  a l a r g e  number o f  t r a n s v e r s e  modes 
each  o f  w hich  w i l l  be  r e s o n a n t  when th e  c a v i t y  l e n g t h  s a t i s f i e s
d = ( c /2 v ^ )  {q + ( 1 / it) (1 + m + n) c o s~ l  [ (1 -  d / R i ) ( l  -  d /R ^) ] ^} (2)
In  g e n e r a l ,  t h e r e f o r e ,  a  m onochrom atic  f i e l d  w i l l  be  decomposed i n t o
a l a r g e  number o f  t r a n s v e r s e  modes each  o f  w hich  w i l l  be  r e s o n a n t  a t  
a d i f f e r e n t  m i r r o r  s e p a r a t i o n  u n l e s s  mode m a tc h in g  p r e c a u t i o n s  a r e  t a k e n .
In  t h e  s p e c i a l  c a s e  o f  d e g e n e r a t e  i n t e r f e r o m e t e r  t h e  m i r r o r  c u r v a t u r e s  
and s e p a r a t i o n s  a r e  ch o sen  to  s a t i s f y  t h e  e q u a t io n
c o s " l  [ (1 •  d / R i ) (1 -  d /R 2)  ]  ^ = w/A (3)
w here Ü i s  an  i n t e g e r .  The r e s o n a n c e  can  be w r i t t e n
= (c/2&d) [ £q + 1 + m + n ] (4)
S in c e  i n c r e a s i n g  t h e  sum (m + n)  by i  and d e c r e a s in g  q by one 
l e a v e s  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  i n t e r f e r o m e t e r  u n c hanged , i t  f o l lo w s  
t h a t  th e  i n t e r f e r o m e t e r  w i l l  have  Z s e t s  o f  d e g e n e r a t e  t r a n s v e r s e  modes 
and each  o f  t h e s e  w i l l  be  e q u a l l y  s e p a r a t e d  i n  f r e q u e n c y .
I
The b e s t  known d e g e n e r a t e  i n t e r f e r o m e t e r  i s  t h e  c o n f o c a l  i n t e r f e r o m e t e r  
w hich c o r r e s p o n d s  t o  & = 2 . The i n t e r f e r o m e t e r ’ s modes can  be  e i t h e r  
even  -  sym m etric  c o r r e s p o n d in g  t o  (m + n) b e in g  e v e n ,  o r  odd -  sym m etric
•1
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c o r r e s p o n d in g  to  (m + n) b e in g  odd . The even -  sym m etr ic  r e s o n a n c e s  
f a l l  e x a c t l y  h a lfw a y  be tw een  th e  odd -sym m etr ic  mode r e s o n a n c e s .  The 
f r e e  s p e c t r a l  ran g e  o f  a  c o n f o c a l  i n t e r f e r o m e t e r ,  when i t  i s  
i l l u m i n a t e d  s im u l ta n e o u s l y  i n  s e v e r a l  t r a n s v e r s e  modes i s  th u s  
c /4 d  r a t h e r  th a n  c /2 d .
In  g e n e r a l ,  th e  f r e e  s p e c t r a l  ran g e  o f  an & -fo ld  d e g e n e r a te  
i n t e r f e r o m e t e r  i s  g iv e n  by
f s r  = c/2&d (5)
and th e  t r a n s m i t t a n c e  i s  
Z
1 / 1  = [T^ Z R 2 ( j ~ l ) / ( 1  -  R^)2 ] { i  + [ 4 R ^ /( 1  -  R&)% ] s i n f  2nv&d/c (6)
° j  = ]
where T i s  t h e  t r a n s m i s s i o n  o f  t h e  i n t e r f e r o m e t e r  m i r r o r s .  I f  we 
d e f i n e  A to  be  th e  sum o f  a b s o r p t i o n  and s c a t t e r i n g  a t  t h e  m i r r o r s  th e n  
(1 -  R) ~ T + A. I f  t h e  r e f l e c t i v i t y  o f  t h e  m i r r o r s  i s  c lo s e  to  u n i t y  
th e  t r a n s m i t t a n c e  o f  t h e  i n t e r f e r o m e t e r  n e a r  to  a  r e s o n a n t  f r e q u e n c y  
i s  g iv e n  by
1/1^ = [ A ( l  + A /T)2 {I + [ 4 r d / c ( l  -  R) ] ^ (v -  (7)
The peak  t r a n s m i s s i o n  on r e s o n a n c e  i s  th u s  g iv e n  by ^
I / I q = [ A ( l  + A /T)2 (8)  §
A
T h is  f u n c t i o n  i s  p l o t t e d  i n  f i g u r e  1 f o r  th e  p a r t i c u l a r  c a se  o f  a 4
c o n fo c a l  i n t e r f e r o m e t e r  (Z = 2 ) .  Whenever th e  a b s o r p t i o n  p lu s  s c a t t e r i n g  
l o s s  becomes com parab le  to  o r  exceeds  t h e  t r a n s m i s s i o n  l o s s  a t  th e  m i r r o r  
t h e  n e t  t r a n s m i s s io n  o f  t h e  i n t e r f e r o m e t e r  i s  d r a s t i c a l l y  r e d u c e d .  I t  
sh o u ld  be n o te d  t h a t  v e ry  h ig h  r e f l e c t i v i t i e s  a r e  u s u a l l y  o n ly  o b t a in e d  
a t  t h e  expense  o f  an i n c r e a s e d  v a lu e  f o r  (A /T ) . In  a p p l i c a t i o n s  w here 




compromise be tw een  f i n e s s e  and t r a n s m i s s i o n .
The i n s t r u m e n t a l  b a n d w id th  o f  a d e g e n e r a te  i n t e r f e r o m e t e r  f o r  R c l o s e  
t o  u n i t y  i s  g iv e n  by (7) as
Av = c ( l  -  R)/2ird (9) t
and th e  r e s o l v i n g  power by
v/A V = Q = 2 w d /c ( l  -  R) (10)
and th e  f i n e s s e  by
F = n /& ( l  -  R) (11)
From th e  above fo rm u la e  i t  can  be  seen  t h a t  th e  i n s t r u m e n ta l  
b a ndw id th  and r e s o l v i n g  power o f  a d e g e n e r a te  i n t e r f e r o m e t e r  a r e  th e  
same as f o r  a g e n e r a l  s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r  b u t  t h a t  t h e  
f i n e s s e ,  f r e e  s p e c t r a l  ran g e  and peak  t r a n s m i s s i o n  a r e  red u c e d  by a 
f a c t o r  £ .  The c o n fo c a l  i n t e r f e r o m e t e r  (£ = 2) h a s  t h e  h i g h e s t  f i n e s s e  
o f  any d e g e n e r a te  i n t e r f e r o m e t e r .  (The c a se  o f  & = 1 ' c o r r e s p o n d s  t o  a 
c o n c e n t r i c  i n t e r f e r o m e t e r  w hich  c a n n o t  a d e q u a te ly  be  t r e a t e d  i n  t h e  th e o ry  
l e a d in g  to  t h e  above e q u a t i o n s . )
C .3  L ig h t  G a th e r in g  Power
One o f  th e  m a jo r  f a c t o r s  i n  e v a l u a t i n g  any s p e c t r o m e te r  i s  i t s
a b i l i t y  to  g a t h e r  l i g h t  f rom  a s o u r c e , f i l t e r  th e  l i g h t  and t r a n s m i t  th e
l i g h t  to  a d e t e c t o r .  An im p o r ta n t  p a ra m e te r  which  m easu res  t h e  e f f e c t i v e
l i g h t  g a th e r in g  power o f  an i n s t r u m e n t  i s  known as t h e  e te n d u e  and i s  y
d e f in e d  by f2A where Q i s  t h e  s o l i d  a n g le  o f  l i g h t  c o l l e c t i o n  and A i s  4
th e  a r e a  o f  th e  e n t r a n c e  p u p i l  o f  t h e  i n s t r u m e n t .
The s i z e  o f  t h e  e n t r a n c e  p u p i l  o f  th e  c o n fo c a l  i n t e r f e r o m e t e r  i s  ^
u s u a l l y  d e te rm in e d  by th e  s p h e r i c a l  a b e r r a t i o n  o f  th e  c u rv e d  m i r r o r s .
S p h e r ic a l  a b e r r a t i o n  o f  t h e  m i r r o r s  g iv e s  r i s e  to  a fu n d am e n ta l  l i m i t  on
- 'k v
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th e  amount o f  mode m ism atch t h a t  can be t o l e r a t e d  i n  a  mode- 
d e g e n e r a te  i n t e r f e r o m e t e r .  The th e o r y  o f  th e  mode s t r u c t u r e  o f  a 4
s p h e r i c a l  m i r r o r  i n t e r f e r o m e t e r  i s  b a s e d  on th e  p a r a x i a l  a p p ro x im a t io n  
and l a r g e  d e p a r t u r e s  from  o n - a x i s  i l l u m i n a t i o n  c a n n o t  be  a d e q u a te ly  %
t r e a t e d  by t h i s  m ethod. The dom inan t a b e r r a t i o n  w hich  l e a d s  to  
d e p a r t u r e s  from  t h e  t h e o r y  i s  s p h e r i c a l  a b e r r a t i o n .
In  a c o n fo c a l  i n t e r f e r o m e t e r  t h e  p a t h - d i f f e r e n c e  v a r i a t i o n  
cau sed  by s p h e r i c a l  a b e r r a t i o n  f o r  r a y s  e n t e r i n g  th e  i n t e r f e r o m e t e r  
p a r a l l e l  to  t h e  a x i s  b u t  d i s p l a c e d  from  i t  by a  d i s t a n c e  p can  be  f
shown t o  be
A = —p ^ /d ^ .  ( i2 )
Ps (d^X /F )* . (13)
I f  t h e  r a d i u s  o f  th e  incom ing  l i g h t  i s  l i m i t e d  t o  p^ t h e  f i n e s s e  w i l l
d rop  to  a p p ro x im a te ly  70% o f  t h e  v a lu e  c a l c u l a t e d  assum ing  o n - a x i s  
3i l l u m i n a t i o n  .
I f  we assume t h a t  t h e  r a d i u s  o f  t h e  incom ing  beam i s  l i m i t e d  t o  p 
t h e  e ten d u e  i s  g iv e n  by
” [npgZ ] [n p g Z /fZ  ] = ir^rX/F , (14)
I t  i s  i n t e r e s t i n g  to  compare t h e  e te n d u e  o f  a c o n fo c a l  
i n t e r f e r o m e t e r  w i th  a p l a n e - p l a n e  F a b r y - P e r o t  i n t e r f e r o m e t e r .  We 
d e f i n e  th e  a n g le  a  as  t h e  a n g le  w hich r e p r e s e n t s  t h e  m i r r o r  s u r f a c e  
f i g u r e  and a l ig n m e n t  a c c u ra c y  w hich  i s  r e q u i r e d  t o  m a i n t a i n  a f i n e s s e  
F o v e r  a  p l a t e  d i a m e te r  D, T h is  a n g le  i s  th e n  g iv e n  by
8
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I f  i t  i s  demanded t h a t  t h i s  p a t h - d i f f e r e n c e  v a r i a t i o n  be  l e s s  th a n  th e  -A
t r a n s m i s s i o n  w a v e le n g th  d i v id e d  by t h e  f i n e s s e  t h e  incom ing  beam must
have  a r a d i u s  p w hich  i s  l e s s  t h a n  s
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a = (X/FD) (15)
and th e  e te n d u e  o f  a  F a b r y - P e r o t  i s
Up = ttD^ X/4dF = TT X^/4dF^ a (16)
w here d i s  t h e  p l a t e  s e p a r a t i o n .  The r a t i o  o f  t h e  e te n d u e  o f  a
c o n f o c a l  i n t e r f e r o m e t e r  t o  t h a t  o f  a  p la n e  F a b r y - P e r o t  i s  g iv e n  by
U /U^ = 4rdp2  a 2 /x 2 .  (17)® P
I f  we r e q u i r e  t h a t  th e  p l a n e  F a b r y - P e r o t  and th e  c o n fo c a l  i n t e r f e r o m e t e r  
h av e  th e  same f r e e  s p e c t r a l  ra n g e ,  i e  d “  2r, we can f i n d  a v a lu e  o f  r  a t  
w hich th e  c o n fo c a l  i n t e r f e r o m e t e r  i s  s u p e r i o r  to  th e  p l a n e  F a b ry -  
P e r o t  w i th  r e g a r d  t o  e te n d u e .  T h is  c o n d i t i o n  i s  s a t i s f i e d  when 
r  > ( X /a ) /2 F .
I f ,  a s  an  exam ple ,  a  p l a n e  F a b r y - P e r o t  c an  be a l i g n e d  to  w i t h i n  X/100 
p e r  c e n t i m e t r e  o f  i t s  a p e r t u r e  and a f i n e s s e  o f  50 i s  d e s i r e d ,  t h e  
e te n d u e  o f  a p la n e  F a b y - P e ro t  i n t e r f e r o m e t e r  i s  l e s s  t h a n  t h a t  o f  a 
c o n fo c a l  i n t e r f e r o m e t e r  f o r  a  m i r r o r  s p a c in g  o f  g r e a t e r  t h a n  2 cm. Thus 
a c o n fo c a l  i n t e r f e r o m e t e r  s h o u ld  be  u sed  when th e  f r e e  s p e c t r a l  r a n g e  
r e q u i r e d  i s  l e s s  t h a n  t h a t  f o r  a m i r r o r  s e p a r a t i o n  c o r r e s p o n d in g  t o  2 cm, 
i f  th e  l i g h t  g a t h e r i n g  e f f i c i e n c y  i s  to  be  m axim ised .
0 4 .  Some p r a c t i c a l  C o n fo ca l  I n t e r f e r o m e t e r  D es igns
As was m en tioned  i n  t h e  i n t r o d u c t i o n  to  t h i s  s e c t i o n , t h e  c r i t i c a l  
a d ju s tm e n t  on a c o n f o c a l  i n t e r f e r o m e t e r  i s  t r a n s f e r r e d  from  th e  
p a r a l l e l i s m  and a l ig n m e n t  i n  t h e  p l a n e  sy s tem  and m ode-m atching  i n  
th e  s p h e r i c a l  m i r r o r  s y s t e m s , t o  t h e  s e p a r a t i o n  o f  t h e  m i r r o r s .  I n  
s e t t i n g  up a c o n fo c a l  i n t e r f e r o m e t e r  t h e r e  m ust be  a f i n e  a d ju s tm e n t  
a v a i l a b l e  on th e  m i r r o r  s e p a r a t i o n .  The c r i t i c a l i t y  o f  t h i s  a d ju s tm e n t  
can  be  se en  by o b s e r v in g  e q u a t i o n  ( 2 ) .  The d e p a r t u r e  f rom  th e  e x a c t
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■ H-Kc o n fo c a l  c o n d i t i o n  which can  be t o l e r a t e d  w i th o u t  a l lo w in g  th e
TEM^ mode to  r e s o n a t e  a t  an o b s e rv a b ly  d i f f e r e n t  m i r r o r  s p a c in g  
from  th e  TEN^^ mode i s  g iv e n  by
E = ï ï r / 2 ( l  + m + n )F' ' max 1
%
Thus an i n t e r f e r o m e t e r  w i th  r  = 5 cm, F = 100 and (m + n) = 100
must have  i t s  s e p a r a t i o n  s e t  to  an a c c u ra c y  o f  a t  l e a s t  8 pm. T h e re  f
i s  l i t t l e  d i f f i c u l t y  i n  o b t a i n i n g  a sc rew  t h r e a d  s u f f i c i e n t l y  f i n e  >
to  e n s u re  t h i s  k in d  o f  r e s o l u t i o n  b u t  i t  i s  c l e a r l y  h i g h l y  d e s i r a b l e  4
to  have  a method o f  r e c o g n i s i n g  th e  o n s e t  o f  th e  c o n fo c a l  c o n d i t i o n  
when making th e  a d ju s tm e n t .
There  a re  two s im p le  m ethods o f  r e c o g n i s in g  th e  c o n fo c a l  c o n d i t i o n  
o f  an i n t e r f e r o m e t e r .  In  t h e  f i r s t  method a l a s e r  beam whose 
w a v e le n g th  i s  w i t h i n  th e  h ig h  r e f l e c t i v i t y  zone o f  th e  m i r r o r s  to  be  
a d ju s t e d  i s  shone i n t o  t h e  i n t e r f e r o m e t e r .  I n t e r f e r e n c e  f r i n g e s  
w i l l  be formed i n  th e  v i c i n i t y  o f  th e  c e n t r e  p l a n e  o f  th e  i n t e r f e r o m e t e r .
I f  t h e  beam i s  l a r g e  enough s e v e r a l  f r i n g e s  w i l l  be  s e e n  on lo o k in g  
i n t o  th e  i n t e r f e r o m e t e r .  I f  a  f i n e  a d ju s tm e n t  i s  made to  t h e  
s e p a r a t i o n  o f  th e  i n t e r f e r o m e t e r ,  say  by g e n t ly  s q u e e z in g ,  so  t h a t  th e  
s e p a r a t i o n  i s  made s m a l l e r ,  t h e  f r i n g e s  w i l l  a p p e a r  to  become s m a l l e r .
I f  th e  s e p a r a t i o n  i s  g r e a t e r  th a n  th e  c o n fo c a l  s e p a r a t i o n  and th e  
m i r r o r s  a r e  sq u eezed  t o g e t h e r  th e  f r i n g e s  w i l l  i n c r e a s e  i n  d i a m e te r .
When th e  c o n fo c a l  c o n d i t i o n  has  been  e s t a b l i s h e d  th e  h ig h  t r a n s m i s s io n  
peaks  w i l l  f i l l  th e  w hole  a p e r t u r e  o f  t h e  i n t e r f e r o m e t e r .  T h is  i s  
a v e ry  s e n s i t i v e  m ethod o f  e s t a b l i s h i n g  th e  c o n fo c a l  c o n d i t i o n .
In  c a s e s  when th e  i n t e r f e r o m e t e r  i s  to  be u sed  i n  a s c a n n in g  mode 
o f  o p e r a t i o n  some means f o r  e l e c t r o n i c a l l y  c h a n g in g  th e  c a v i t y  l e n g t h  
w i l l  be  p r o v id e d .  I t  i s  th e n  p o s s i b l e  t o  a l i g n  th e  i n t e r f e r o m e t e r  
w i th o u t  lo o k in g  i n t o  t h e  i n t e r f e r o m e t e r .  T h is  may be  im p o r ta n t  when
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h ig h  power l a s e r s  a r e  b e in g  used  i n  th e  a l ig n m e n t  i n  o r d e r  to
p r o t e c t  t h e  eye  when a h ig h  t r a n s m i s s i o n  c o n d i t i o n  i s  r e a c h e d .  In
t h i s  c a s e  th e  a d ju s tm e n t  i s  most e a s i l y  made by a p p ly in g  th e
x-ram p from  an  o s c i l l o s c o p e  t o  a p i e z o e l e c t r i c  s e p a r a t o r  w h i le
d i s p l a y i n g  th e  t r a n s m i t t e d  l i g h t  f a l l i n g  on a p h o to d io d e  on th e
o s c i l l o s c o p e  s c r e e n .  The seq u en ce  o f  e v e n ts  i l l u s t r a t e d  i n  f i g u r e  2
i s  u s u a l l y  e n c o u n te r e d .  When th e  i n t e r f e r o m e t e r  i s  w e l l  away from
t h e  c o n fo c a l  c o n d i t i o n  th e  m i r r o r  s e p a r a t i o n  w hich w i l l  a l lo w  each
o f  t h e  TEM modes t o  r e s o n a t e  w i l l  be  q u i t e  d i f f e r e n t  a s  shown i n  mn
f i g u r e  2 ( a ) .  As t h e  m i r r o r s  a r e  moved c l o s e r  t o  th e  c o n fo c a l  c o n d i t i o n s  
two d i s t i n c t  s e t s  o f  mode on each  s c a n  w i l l  be  o b s e rv e d  ( f i g u r e  2 ( b ) ) .  
These  c o r r e s p o n d s  t o  t h e  ev e n -sy m m e tr ic  and o d d -sy m m etr ic  s e t s  o f  m odes. 
When th e  c o n f o c a l  c o n d i t i o n  i s  s a t i s f i e d  t h e  two s e t s  o f  modes w i l l  
each  have  t h e i r  own r e s o n a n t  s e p a r a t i o n  and each  TEM^^ mode w i l l  l i e  
a t  one o r  t o h e r  o f  t h e s e  s e p a r a t i o n s  ( f i g u r e  2 ( c ) ) .  T h is  a d ju s tm e n t  
can  be made e a s i l y  and q u i c k l y  w i t h  a  v e ry  h ig h  d e g re e  o f  a c c u r a c y .
In  t h e  c o u r s e  o f  t h i s  work s e v e r a l  c o n fo c a l  i n t e r f e r o m e t e r s  have  
been  c o n s t r u c t e d .  We s h a l l  d e s c r i b e  i n  d e t a i l  o n ly  two such  
i n t e r f e r o m e t e r s :  a 5 cm s p a c in g  1 .5  GHz f r e e  s p e c t r a l  r a n g e  and 30 cm 
s p a c in g  250 MHz f r e e  s p e c t r a l  r a n g e  v e r s i o n .
C .5  The 5 cm C onfoca l  I n t e r f e r o m e t e r
A d raw ing  o f  t h e  d e s i g n  f o r  t h i s  i n t e r f e r o m e t e r  i s  shown i n  f i g u r e  3 .  
The m i r r o r s  a r e  s e p a r a t e d  by a p ie z o c e ra m ic  c y l i n d e r  o f  1 ” d ia m e te r  
and 2'* l e n g t h  made o f  PZT-5H and s u p p l i e d  by V e r n i t r o n  L t d .  The m i r r o r s  
have  a r a d i u s  o f  c u r v a t u r e  o f  5 cm on th e  f r o n t  and back  s u r f a c e s  and 
a r e  t h e r e f o r e  o f  z e ro  o p t i c a l  pow er. T h is  e n s u re s  t h a t  i f  t h e  
i n t e r f e r o m e t e r  i s  t o  be u se d  a s  a v e r y  narrow band f i l t e r  a c o l l i m a t e d  
beam o f  l i g h t  w i l l  be  t r a n s m i t t e d  w i th o u t  a f f e c t i n g  t h e  c o l l i m a t i o n .
The m i r r o r  s u b s t r a t e s  w ere  s u p p l i e d  by IC O p t i c a l  System , F r a n k l i n  Road,
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London and a r e  s p h e r i c a l  to  X/20 o v e r  th e  c e n t r a l  10 mm o f  t h e i r  
d i a m e te r .  The m u l t i l a y e r  d i e l e c t r i c  coa tings"  have a maximum 
r e f l e c t i v i t y  o f  99.9% a t  600 nm and th e  r e f l e c t i v i t y  f a l l s  to  99.5% 
a t  550 nm and 650 nm.The b a c k  s u r f a c e s  o f  th e  m i r r o r s  a r e  a n t i  
r e f l e c t i o n  c o a te d  to  a v o id  s p u r io u s  r e f l e c t i o n s .  The c o a t in g s  were 
s u p p l i e d  by F e r r a n t i  L t d ,  Dundee. The e n t r a n c e  l e n s  was o f  5 cm f o c a l  
l e n g t h  and was u sed  to  fo c u s  an i n c i d e n t  c o l l im a te d  beam a t  t h e  c e n t r e  
o f  t h e  i n t e r f e r o m e t e r .  A l l  t h e  l i g h t  f a l l i n g  w i t h i n  a zone o f  r a d i u s  
2 p g f / r  on th e  l e n s  w i l l  p a s s  th ro u g h  th e  d e t e c t o r  a p e r t u r e  o f  r a d i u s  
and be  f i l t e r e d  by th e  i n s t r u m e n t .  The l e n s  was s u p p l i e d  by E a l in g  L td  
and th e  p h o to d io d e  was a m o d if ie d  M u lla rd  BPX25. I n  t h i s  mode o f  
o p e r a t i o n  th e  c o n fo c a l  i n t e r f e r o m e t e r  can be used  as  a  s t a t i c  f i l t e r ,  
t u n a b le  f i l t e r  o r  s c a n n in g  sp e c t ru m  a n a l y s e r .  I f  t h e  i n c i d e n t  beam 
i s  n o t  c o l l im a te d  t h e r e  w i l l  be  no l o s s  i n  r e s o l u t i o n  b u t  t h e r e  may b e  
a r e d u c t i o n  i n  th e  amount o f  l i g h t  r e c e iv e d  by t h e  d e t e c t o r .  The 
e n t i r e  sy s te m  i s  mounted on an a d j u s t a b l e  m i r r o r  mount so t h a t  th e  
i n t e r f e r o m e t e r  can b e  t i l t e d  i n  t h e  p l a n e  o f  t h e  l e n s .  T here  i s  p r o v i s i o n  
made f o r  th e  f i n e  a d ju s tm e n t  to  t h e  m i r r o r  s e p a r a t i o n .  T here  i s  ea sy  a c c e s s  
to  t h e  m i r r o r s  so  t h a t  th e y  can  be  r e p l a c e d  by m i r r o r s  c o a te d  f o r  
d i f f e r e n t  s p e c t r a l  r e g i o n s .
I f  t h e  d e t e c t o r  i s  removed and a c o l l im a te d  beam i s  i n c i d e n t  on 
th e  r e a r  o f  t h e  sy s te m  t h e  f r i n g e  p a t t e r n  can be  form ed i n  t h e  f o c a l  
p la n e  o f  t h e  im put l e n s .  I f  an o b s e r v e r  o r  camera f o c u s e d  on i n f i n i t y  
i s  p l a c e d  a t  th e  e x i t  th e  f r i n g e s  can  be r e a d i l y  v iew ed . T h is  may be 
u s e f u l  i n  a n a ly s in g  th e  modes o f  p u l s e d  l a s e r  s y s te m s .
F i g u r e  4 shows an o s c i l l o s c o p e  t r a c e  o f  t h e  i n t e r f e r o m e t e r  b e in g  
used  as a  s c a n n in g  mode a n a l y s e r .  An He-Ne l a s e r  i s
i n c i d e n t  on th e  i n t e r f e r o m e t e r  and t h e  s c a n  i s  p ro v id e d  by th e  o s c i l l o s c o p e  
x - ra m p . The f i n e s s e  m easu red  u s in g  t h i s  sy s tem  was i n  e x c e s s  o f  200 and
II
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th e  s t a b i l i t y  was a b o u t  1 MHzmin” ^ .
C .6  The 30 cm C o n fo ca l  I n t e r f e r o m e t e r IT h is  i n t e r f e r o m e t e r  i s  somewhat d i f f e r e n t  i n  d e s ig n  to  t h e  5 cm #
i n t e r f e r o m e t e r  and so i t  i s  w o r th  d e s c r i b i n g .  I t  to o k  t h e  fo rm  o f  a
s t a i n l e s s  s t e e l  r o d  w i t h  a sm a l l  h o l e  b o red  a lo n g  t h e  a x i s .  B ecause
t h e  l e n g t h  o f  t h e  i n t e r f e r o m e t e r  i s  lo n g  compared t o  t h e  m i r r o r  
d i a m e te r s  some a d ju s tm e n t  o f  t h e  a n g le  o f  e a ch  m i r r o r  was n e c e s s a r y .
A l l  t h a t  i s  r e q u i r e d  when a l i g n i n g  t h e  sy s tem  i s  t h a t  a  c o l l i m a t e d  beam 
w hich p a s s e s  th ro u g h  t h e  c e n t r e  b o r e  be  r e f l e c t e d  back  a lo n g  t h e  a x i s .
When t h i s  h a s  b een  a c h ie v e d  f o r  b o t h  m i r r o r s  t h e  modes can  be scanned  
on a n o s c i l l o s c o p e  and t h e  c o n fo c a l  s e p a r a t i o n  can  be  s e t  by a d j u s t i n g  
a sc rew  t h r e a d  and  l o c k in g  w i th  a  lo c k  n u t .  The m i r r o r s  used  were 
s t a n d a r d  S p e c t r a - P h y s i c s  h ig h  r e f l e c t i v i t y  dye  l a s e r  m i r r o r s  o f  7 .7 5  mm 
d i a m e te r ,  30 cm r a d i u s  o f  c u r v a t u r e  and X/20 s p h e r i c i t y  on th e  f r o n t  
s u r f a c e  and  p l a n e  b ack  s u r f a c e .  The back  s u r f a c e  was n o t  a n t i - r e f l e c t i o n  
c o a te d  as  i t  was n o t  p a r a l l e l  to  t h e  f r o n t  s u r f a c e .  The p h o to d io d e  and 
p ie z o c e ra m ic  a r e  t h e  same a s  t h o s e  u se d  i n  t h e  5 cm i n t e r f e r o m e t e r .  As 
t h i s  sy s tem  s t a n d s  t h e  o n ly  p r a c t i c a l  u s e  i s  a s  a s c a n n in g  mode a n a l y s e r .
T h is  i s  b e c a u s e  t h e  m i r r o r s  a r e  n o t  o f  z e io  power and b e c a u s e  t h e r e  i s  
no a c c e p ta n c e  l e n s  i n  f r o n t  o f  t h e  sy s te m . However, i f  i t  w ere  n e c e s s a r y  
t o  u s e  t h e  sy s te m  i n  any o f  t h e  o t h e r  modes d e s c r i b e d  above th e  
m o d i f i c a t i o n s  c o u ld  e a s i l y  be  made. .
D e s p i t e  th e  f a c t  t h a t  t h e  d e s ig n  o f  t h i s  i n t e r f e r o m e t e r  has  grown
up w i th  s e v e r a l  h i s t o r i c a l  a c c i d e n t s  i t  works v e r y  w e l l  and h a s  a f r e e
s p e c t r a l  r a n g e  o f  500 MHz, a  f i n e s s e  i n  e x c e s s  o f  200 and an  i n s t r u m e n t a l  if
p a s s - b a n d  o f  l e s s  t h a n  2 .5  MHz. The na rrow  ban d w id th  o f  t h e  i n s t r u m e n t  |i
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F ig u re  1 .  The r e d u c t i o n  i n  peak  t r a n s m i s s i o n  o f  a  c o n f o c a l  
i n t e r f e r o m e t e r  a s  th e  a b s o r p t i o n  and s c a t t e r i n g  
l o s s e s  a r e  i n c r e a s e d .
, c/4d ,H  — — 4
1. 1 l l J i  1 ,
J____I
A'D=c/4dF
F ig u re  2 .  A ppearance  o f  t h e  modes o f  an  i n t e r f e r o m e t e r  i n  
f r e q u e n c y  sp a ce  as  t h e  c o n fo c a l  c o n d i t i o n  i s  
a p p ro a c h e d ;  (a)  f a r  from  t h e  c o n f o c a l  c o n d i t i o n ,  
(b) a p p ro a c h in g  c o n fo c a l  c o n d i t i o n ,  (c)  c o n fo c a l  




















F ig u r e  4 . Some o s c i l l o s c o p e  t r a c e s  o f  t h e  5 cm c o n fo c a l  
i n t e r f e r o m e t e r  u sed  to  a n a ly s e  th e  modes o f  an 
heKe l a s e r .  The low er  t r a c e  i s  a 200x e x p a n s io n  
o f  t h e  u p p e r  t r a c e .
A ppendix  D
ELEMENTS ACCESSIBLE TO A FREQUENCY DOUBLED 
RHODAMINE 6 G DYE LASER
L i s t  o f  L e v e ls  A c c e s s i b l e  to  F req u en cy  Doubled Rhodamine 6G 
dye l a s e r  ( i . e .  t h e s e  t r a n s i t i o n s  r a d i a t i v e l y  c o u p le d  to  th e  
ground  s t a t e ) .  From T a b le s  o f  S p e c t r a l - L i n e  I n t e n s i t i e s  P a r t  I  
A rran g ed  by E le m e n ts .  W .F.M eggers, C .H .C o r l i s s ,  B .F .S c r i b n e r .  
(280nm -  310nm).
kl I r Os Ta
Bi Fe Pd T r
Co Pb P t Tm
Eu Lu Re T i
Gd Mg Rn V
Ga Mn Sc W
Hf Mo Sr U
I n Ni Sn Y
Zn
Zr
W avelength I n t e n s i t y W avelength I n t e n s i t y
AU 3082.16  A 320 VI 2838 .06  X 4
Ba 3071 .58  A 18 2848 .77  X 9
Bi 3067.72 3600 2855 .22  X 26
Col 2928 .81  & 1 .6 2894 .58  X 8
2987 .16  & 5 > 2899 .60  X 15
2989 .59  & 36 29 0 3 .70  X 8
3013 .60  X 17 2942 .35  X.
3044 .00  2 160 2943 .20  X ' 30
3082 .62  & 34 3043 .56  X 30
3121.42  & 17 3050.89 X 22
3053 .65  X 60
Eul 2878 .87  X 10
2892 .54  X 20 I n l 2858 .14  X 3
2893.03 .% 14 3039.36 800
2893 .83 36
2908 .99  X 16 I r l 2 8 2 3 .18  X 50
2958 .91  X 3 2849 .72  X 280
3058 .98  X 12 2924 .79  X 320
3106 .18  X 32 2951 .22  X 85
3111 .43  X 95
F e l 2795 .01  X 2
Gdl 3087.05  X 8 2825 .69  X 3
Gai 2874 .24  X 500 2835 .46  X 2 .5
2874 .17  X 10
H f l 2819 .74  X 22 2 912 .16  X 20
2833 .28  X 20 2 936 .90 80
2860 .56  X 20 2 9 6 6 .90 170
2 866 .37  X 240 2983 .57 140
2889 .62  X 90 3 020 .64 280
2940 .77  X ■ 220
2944 .71  X 18 P b l 2833 .06 950
2980 .81  X 120
3016 .78  X 60 L ui 2903 .05 20
3018 .31  X 110 2989 .27 120
3072 .88  X 240 3080 .11 26
3171.36 140
Mgl 2852 .13 6000
Mnl 2801 .06 480
Mol 3112 .12 170
3132.59 1800
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